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Abstract 
Soil organic matter (SOM) is of global importance as it represents a greater carbon pool than 
atmosphere or terrestrial vegetation and it strongly regulates primary productivity. SOM is thus 
integral to global climate change mitigation and food security. Recent advances reveal a pivotal role 
of soil microbes in both SOM formation and decomposition, placing them at the nexus of global 
biogeochemical cycles. However, the soil microbial traits that best promote SOM formation and 
persistence, and the environmental conditions that best promote such traits, remain poorly 
characterised – particularly in the tropics. In this thesis, I evaluated the interplay between microbial 
function and composition, vegetation, and SOM dynamics in tropical soils. My experimentation 
spanned laboratory and field study scales in two continents: (i) soil carbon cycling was examined 
following manipulations of soil microbial composition and function under controlled laboratory 
conditions in microcosms, (ii) the responses of soil microbes and SOM were compared in decadal-
old high diversity rainforest restoration plantings and reference soils under pasture and old-growth 
rainforest in tropical northeast Australia, and (iii) tropical tree monoculture and mixed species 
plantings in the Philippines were assessed for restoration of soil microbial traits and SOM. Several 
insights were gained that advance knowledge on SOM dynamics in the tropical context. Soil 
microbial substrate use efficiency, an indicator of SOM formation potential, changed significantly 
with microbial composition, increasing with greater fungal dominance. Stable SOM under Australian 
rainforest restoration plantings was unchanged circa two decades after plantation establishment, with 
no sign of recovery towards reference old-growth rainforest levels, which coincided with similarly 
stagnant microbial recovery. Soil microbial composition explained most of the variation in SOM 
across land uses in the Philippines, where SOM was also slow to recover, and microbial composition 
in turn correlated strongly with aboveground plant composition. The results thus indicate that (i) 
microbial composition can have a direct influence on efficiency of formation of SOM precursor 
material (microbial residues), and (ii) slow microbial recovery with reforestation coincides with slow 
SOM recovery. In combination with previous research suggesting that microbial traits are major 
determinants of SOM formation and persistence, the results prompt me to speculate that reliable 
restoration of stable SOM through tropical reforestation may often be constrained by limited 
restoration of the soil microbial community. This in turn may require more comprehensive restoration 
of aboveground plant community composition, or, potentially, upon active manipulation of soil 
microbial communities to circumvent long lag times that may prevent effective restoration of soil 
function. Future developments in forest restoration and climate mitigation efforts may require a shift 
towards integrating the soil microbial community. A deliberate and nuanced examination of soil 
microbial communities is needed to clarify their role in soil recovery, with a focus on designing and 
testing more effective interventions to overcome barriers to the recovery of degraded land.
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 Introduction 
Soil fertility and structure, integral to ecosystem productivity, food production and flood mitigation, 
are improved by soil organic matter (SOM). At present, over three times more carbon (C) is stored in 
SOM, approximately half of which is C, than in the global atmosphere (Schmidt et al., 2011). The 
presence of SOM changes with land use, tending to diminish following land use change from old-
growth forest (Don et al., 2011) and decline over time in response to intensive cropping (Dalal and 
Mayer, 1986; Dominy et al., 2002). Existing interest in maintaining or increasing SOM through land 
management has been politically formalised with the 2015 Conference of Parties on Climate Change 
(COP21 Paris, 2015) setting a target of 0.4% annual increase in SOM globally to mitigate climate 
change. In spite of the clear value of SOM and a strong imperative to increase stocks, the mechanisms 
of SOM formation and persistence remain poorly understood, hindering effective intervention to 
restore SOM. 
Physical and chemical constraints of SOM formation include soil clay and silt content and 
concentrations of Fe, Al and Mn oxides, metal ions, polyvalent cations, and reactive silicates such as 
allophane (Cotrufo et al., 2013; Feller and Beare, 1997; Lutzow et al., 2006). These factors constitute 
what is often known as the soil mineral matrix, determining the availability of cation bridges and 
chemical bonding sites for organic molecules. Bonds between organic and mineral molecules are 
thought to provide one of the strongest SOM stabilisation mechanisms (Lutzow et al., 2006). A given 
soil mineral matrix may have a ‘carrying capacity’ for stabilised C, such that concentration of 
mineral-bound SOM has a defined upper limit in a given environment (Castellano et al., 2015; Feller 
and Beare, 1997). While undoubtedly important, the soil mineral matrix is not prone to change with 
land use intensity or type (Chen et al., 2013), such that it demands only limited attention when 
considering land management strategies for maximising or rehabilitating soil health through SOM 
restoration. The origin of SOM before it enters the soil mineral matrix, and how this is affected by 
land use, is perhaps a more pertinent question. 
A well-established hypothesis for SOM origin is the selective preservation of resistant portions 
of plant residues, such as leaf litter and woody debris (Schroth et al., 2004). When the input rate of 
plant residues exceeds a threshold, soil microbial decomposition is unable to keep pace and organic 
matter accumulates, forming SOM. The hypothesis predicts that forests, which tend to provide greater 
inputs of more chemically recalcitrant plant residues than agricultural land uses, would accumulate 
more SOM, and this coheres with observation. However, the hypothesis predicts also that the 
accumulated SOM would chemically resemble the plant residues from which it was selectively 
preserved, which is at odds with observation. Stable SOM tends to have a narrow carbon : nitrogen 
ratio of 10:1 to 20:1 and appears to be composed to a large extent of amino acids, amino sugars, and 
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lipids (Kallenbach et al., 2016; Kirkby et al., 2011; Knicker, 2011), making it altogether distinct from 
plant residues. Instead, SOM resembles microbial residues, prompting emergence of the far more 
well-supported view that SOM derives primarily from soil microbial biomass and products 
(Castellano et al., 2015; Cotrufo et al., 2013; Kallenbach et al., 2016; Knicker, 2011; Miltner et al., 
2012, 2009; Schmidt et al., 2011). A recent model of SOM formation known as the Microbial 
Efficiency-Matrix Stabilization (MEMS) framework seeks to consolidate existing evidence, 
proposing that SOM is determined by the efficiency with which substrate is incorporated into 
microbial biomass, amount of active clays in the mineral matrix, and, fundamentally, quantity of C 
substrate input (Cotrufo et al., 2013). The model recommends labile litter, which can be taken up 
more efficiently into microbial biomass, for maximising SOM. This is in diametric opposition to the 
recalcitrant litter indicated by the selective preservation hypothesis. Castellano et al. (2015) 
formulated an extension of the MEMS framework that also explains observations of low litter quality 
increasing SOM in some instances, suggesting that litter recalcitrance has differential effects on SOM 
stabilisation depending on the saturation of the soil mineral matrix.  
Although models centred around microbial origins of SOM advance our ability to explain many 
patterns that are observed empirically, a key question remains: if soil microbes can decompose SOM 
to cause net losses under agricultural land uses, as considerable evidence suggests (Dalal and Mayer, 
1986; Dominy et al., 2002; Fontaine et al., 2011; Kallenbach and Grandy, 2015), why do they not 
decompose SOM under old-growth forest to the same effect? Physical disturbance is an immediate 
answer, and does indeed seem to play an important role in making otherwise occluded C accessible 
to decomposition or removal through erosion (Olson, 2010). However, clear evidence of convergent 
SOM chemistry from differing substrate inputs (Kallenbach et al., 2016) falsifies the hypothesis that 
SOM persistence is determined solely by physical inaccessibility, as this would predict SOM 
chemistry to reflect substrate input chemistry. Ongoing losses of SOM seem to occur in untilled 
agricultural lands when baseline measurements are included (Olson, 2010), and if physical 
disturbance were the sole mechanism of SOM change with land use, SOM should always be more 
preserved when tillage is minimised, yet this is not consistently the case (Helgason et al., 2009; Page 
et al., 2013). Crucially, conversion from old-growth tropical forest to grassland or secondary forest, 
land uses that also provide permanent vegetation cover and comparable levels of soil disturbance, 
tends to induce declines in SOM, while the change from grassland to forest tends to induce SOM 
increase over the same time scale (Don et al., 2011).  
In many biomes, abiotic constraints on decomposition provide another answer to the question 
of SOM accumulation and persistence in old-growth forest, and indeed substantial stockpiles of 
relatively undecomposed plant residues accumulate in such systems (cf. “mor humus”) (Binkley and 
Fisher, 2013). In the wet tropics, climate constraints on decomposition are minimal and SOM that 
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resembles microbial residues represents the only significant stock of accumulated organic matter (cf. 
“mull humus”) (Binkley and Fisher, 2013). Compared with plant residues, the supply of microbial 
residues will necessarily be smaller in magnitude and their stoichiometry considerably better (low 
C/N and C/P ratios). As such, whenever decomposition of plant residues keeps pace with supply, 
decomposition of microbial residues should too. Similarly, conditions that theoretically maximise 
input rates of microbial residues for SOM formation – large amounts of labile litter – equally 
maximise incentive and capacity for microbes to recycle microbial residues for nutrient gain. Another 
explanation for SOM persistence in the wet tropics invokes cost of access, where decomposition of 
SOM is so energetically expensive that it will be preserved whenever more labile substrates are 
available. This in turn explains SOM loss in agricultural systems as partially caused by limited input 
of organic substrate inducing energy starvation of soil microbes, incentivising them to invest in SOM 
attack. However, low C/N/P/S ratios of SOM make it a better source of nutrients than energy (Kirkby 
et al., 2011), so if soil microbes have the capacity to decompose SOM under energy-starved 
conditions and gain energy in the process, they ought to break it down under old-growth forest where 
more energy is available to fuel SOM decomposition, and nutrients are comparatively more limiting. 
In addition, attempts to increase SOM by adding more organic residue to agricultural systems should 
not have failed (Barthès et al., 2015; Page et al., 2013) if energy limitation were responsible for SOM 
decomposition. Arguing that SOM decomposition is incentivised by nutrient limitation rather than 
energy limitation leads to the prediction that SOM will increase with fertilisation, which occurs in 
some situations (Castellano et al., 2015; Liu and Greaver, 2010) but is at odds with the general trend 
of lower SOM in fertilised agricultural systems, including low-intensity pasture, when compared with 
old-growth forest. 
In summary, a microbial origin of SOM reframes the conditions under which the greatest 
potential for SOM formation rate occurs, but does not provide full explanation for differential SOM 
pools under different land uses in the wet tropics. It appears that the soil microbial community both 
‘deposits’ into the SOM pool with its own residues, and ‘withdraws’ from it through decomposition 
when incentivised. Under this analogy the size of the SOM pool can be likened to a bank account 
balance, determined by the mean asymmetry between deposit and withdrawal. In the absence of major 
physical disturbance, a poorly understood multiplicity of conditions and interactions control this 
asymmetry, but ultimately it is an emergent functional trait of the soil microbial community. Schmidt 
et al. (2011) consolidate evidence on the topic and argue that persistence of SOM is not explained by 
inherent chemical or physical stability, but rather that it should be viewed as an ecosystem property. 
I argue that the persistence of SOM pools in the wet tropics is determined to a large extent by the 
emergent ecosystem-level function of the soil microbial community, which in turn may partly be 
determined by the composition of the soil microbial community.  
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Guiding Hypothesis 1: SOM persistence is regulated chiefly by soil microbial composition and 
function in the wet tropics. 
 
Corollary 1.1: SOM will correlate more strongly with soil microbial composition and function than 
with land use in the wet tropics.  
 
A case for fungi 
Soil disturbance (e.g. land clearing, tillage) shifts the microbial community towards one dominated 
by bacteria and Archaea, disfavouring fungi (Frey et al. 1999; Guggenberger et al. 1999). A case can 
be made that soil fungi alter the asymmetry between SOM deposition and withdrawal in favour of 
deposition, which would in part explain SOM losses following disturbance. Available evidence 
indicates that soil fungi may contribute disproportionately to SOM stability through the synthesis of 
particularly recalcitrant compounds (Paim and Linhares, 1990; Rillig et al., 2007; Six et al., 2006) 
and strongly promoting soil aggregation (Bossuyt et al., 2001; Caesar-tonthat, 2002). Conversely, soil 
fungi are the major agents of SOM decomposition, through ‘priming’ when supply of labile substrate 
is coincident with nutrient limitation (Fontaine et al., 2011). Hence, soil fungi exert disproportionate 
control over the accumulation or depletion of SOM (Fontaine et al., 2011; Sinsabaugh, 2010), with 
nutrient supply moderating the net direction of exchange. This capacity to store and retrieve organic 
matter in response to soil nutrient status may explain observations of fungi-dominated microbial 
communities being characterised by tighter nutrient cycles (de Vries et al., 2012; Fontaine et al., 
2011). Mycelial growth can homogenise spatially and temporally heterogeneous resources (De Boer 
et al., 2005; Strickland and Rousk, 2010), potentially further enhancing efficiency of nutrient and 
carbon cycling. Mycelial fungi may also support bacterial efficiency, through provision of structure 
for biofilms and the enzymatic capacity to initiate decomposition trajectories of recalcitrant 
compounds in which bacteria are later involved (De Boer et al., 2005). As such, land uses that favour 
soil fungi ought to have greater potential for formation of stable soil aggregates, tight nutrient cycling 
and microbial efficiency. Theoretically, a tighter nutrient cycle conferred by fungi ought to ameliorate 
soil nutrient limitations, allowing deposition into SOM (made more stable by increased aggregation) 
in fungi-dominated soils under a wider range of conditions than in prokaryote-dominated soils. 
Indeed, it appears to be under conditions favouring high fungal presence that fertilisation increases 
SOM (Castellano et al., 2015; Liu and Greaver, 2010), consistent with this hypothesis. 
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Guiding Hypothesis 2: the size of the persistent SOM pool in the wet tropics increases with soil 
fungal biomass due to increased microbial efficiency and more stable microbial residues. 
 
Corollary 2.1: microbial communities with more fungi will form more biomass per unit substrate 
and lose less C during substrate turnover. 
Corollary 2.2: SOM will correlate more strongly with biomass of soil fungi than other components 
of the microbial community in the wet tropics. 
 
The current scale of tropical land use change combined with the importance of SOM to ecosystem 
services, productivity and the global C cycle, makes understanding couplings between soil microbial 
community, vegetation and SOM formation in the tropics extremely valuable. Advancing this 
understanding mechanistically is a major challenge, due to the difficulty in disentangling cause and 
effect when soil microbial traits are hypothesised to drive changes in SOM and simultaneously ought 
to be shaped by changes in SOM (Fierer et al., 2009). My thesis aimed to advance our understanding 
by testing the corollaries of two guiding hypotheses with a microcosm laboratory experiment and 
field studies on two continents. Results supportive of these corollaries can only establish correlation: 
for example, Corollary 1.1 ought to hold if SOM determines microbial traits, or an unmeasured third 
factor drives both in parallel, thus providing no direct support for Guiding Hypothesis 1. However, 
falsification of any of these corollaries deductively falsifies its parent hypothesis. The far more 
resource-heavy study necessary to directly test the guiding hypotheses is warranted only if their 
predictions are consistent with empirical observation. 
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Discussion 
In this thesis, I examined the relationships between SOM, land use, and soil microbes in laboratory 
and field settings. Specifically, I investigated whether manipulating soil microbial composition under 
controlled conditions would measurably influence efficiency of formation of SOM precursor material 
(microbial residues) in laboratory soil microcosms (Manuscript I), how ecological rainforest 
restoration plantations performed for restoration of soil microbes and SOM in north-eastern Australia 
(Manuscript II), and how monoculture and mixed-species tree plantations compared for soil 
restoration in the Philippines (Manuscript III). Across the three studies, soil microbial composition 
and function correlated strongly, and both were tightly linked with SOM precursor formation or SOM 
concentrations. Indeed SOM was more closely correlated with microbial composition than land use 
in both field studies, which is consistent with the prediction of my chief guiding hypothesis (Corollary 
1.1). In both field studies, neither microbial traits nor SOM were recovered within two decades of 
forest restoration, which in the humid tropics corresponds to a typical plantation rotation length. 
Taken together, the thesis motivates direct testing of my core guiding hypothesis that SOM 
persistence is regulated chiefly by soil microbial composition and function in the wet tropics. If it 
holds, my results would suggest that restoration of SOM through tropical reforestation may often be 
constrained by limited restoration of the soil microbial community. 
None of the reforestation types studied in this thesis had effected full aboveground recovery, so 
if belowground traits are coupled with aboveground traits as my Philippines field study indicated, it 
is unsurprising that belowground recovery lagged also. However, century-scale lag times for soil 
microbial function and composition to recover following aboveground ecosystem restoration have 
been observed elsewhere (Fichtner et al., 2014; Fraterrigo et al., 2006). Explanations include a 
possible disproportionate influence of woody debris, especially large logs, in old-growth forest. This 
coheres with a hypothesis that wood-rotting fungi are likely to disproportionately benefit SOM 
formation by virtue of higher substrate use efficiency (Manzoni et al., 2012) and would explain the 
consistent difference in SOM between old-growth forest and other land uses, as the former tends to 
have more woody debris (Kanowski et al., 2003). It is also interesting to hypothesise that well-
established fungi with very large mycelia, extending over tens or even hundreds of metres, may have 
overwhelming influence on soil microbial function and composition, and would take decades or even 
centuries to reach this size. 
In all three chapters, soil microbial composition was central. It correlated strongly with 
microbial function in all studies, including under the controlled conditions of a manipulative 
laboratory experiment. Soil microbial composition was overall the best correlate of SOM, and was 
not recovered with any of the reforestations studied here within two decades. This consistent and 
seemingly robust result prompts the overarching thesis conclusion that soil microbial composition 
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matters to land restoration efforts in the wet tropics, at very least because it is not easily recovered 
solely by re-establishing tree cover and appears to have a role in regulating microbial substrate use 
efficiency.  
 
The tropical case 
The study of SOM formation and stabilisation is particularly relevant and interesting in the tropics 
for two major reasons. First, SOM is arguably more important to ecosystem productivity, flood 
mitigation, food production and security, and climate change mitigation in the tropics. This is because 
tropical soils often consist of low activity clays and are managed with limited inputs (Don et al., 2011; 
Feller and Beare, 1997); they are subject to more extreme weather and rainfall events, and most 
significantly are the basis for livelihoods for more than 2 billion people in developing countries 
(Kettle, 2012). Second, the phenomenon of SOM accumulation and persistence in the wet tropics is 
at first glance more mysterious than the persistence of SOM in general (Schmidt et al., 2011). Indeed, 
with fewer confounding factors constraining decomposition, the wet tropics make an excellent study 
system for testing hypotheses about SOM persistence. 
In this thesis, predictions of two hypotheses were tested against empirical data. Corollary 1.1, 
that SOM will correlate more strongly with soil microbial traits than land use in the wet tropics, was 
consistent with observation in both field studies. Microbial compositional shift towards more fungi 
was associated with increased microbial substrate use efficiency in soil microcosms, directly in line 
with Corollary 2.1, but Corollary 2.2 (SOM will correlate more strongly with fungal biomass than 
other components of the microbial community) was not consistent with observation in the Australian 
field study. As such, the parent hypothesis, that SOM increases with more fungi as a consequence of 
higher efficiency and more stable residues, has been partially falsified and warrants revision. My 
results provide some initial evidence that fungi benefit microbial efficiency under certain 
circumstances, but this alone is unlikely to yield an emergent signal of SOM increasing consistently 
with fungal biomass against all the variation present in natural soils.  
My results with respect to the relationship between SOM concentrations and microbial traits 
are entirely correlative. A tight linkage between SOM and microbial traits is a necessary but not 
sufficient condition for the microbial SOM persistence hypothesis. That is, absence of such a linkage 
can falsify the hypothesis, but presence does not imply its validity. If SOM determines microbial 
traits, or a third factor drives both in parallel, a similar correlation would be observed. In order to 
disentangle these effects, field studies need to observe a temporal lag between hypothesised cause 
and effect. My thesis indicates this would involve tracking soil microbes and SOM for several 
decades, starting from initial tree planting. There is likely far too much variation between sites for a 
chronosequence approach to be used without very strong replication within each plantation age. With 
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at least five age classes to span at least thirty years of reforestation, fifty or more well-matched sites 
may be required within a given landscape. 
Taken together, the results do not directly test the guiding hypotheses formulated in the 
introduction, but rather test their predictions against observations, and provide a good justification 
and platform for establishing a series of experiments aimed at mechanistically testing the hypothesis 
that SOM persistence in the wet tropics is governed by microbial ecosystem traits. 
 
Understanding of microbial processing of SOM is critical but difficult to achieve 
Hypothetically, if SOM formation is so strongly governed by soil microbes that they can be used to 
forecast SOM change, then deep knowledge of the mechanisms involved has great potential for vastly 
improving land management. For example, agricultural production and sustainability could be 
drastically enhanced by the ability to identify a target soil microbial community that would enhance 
SOM stocks and nutrient cycling efficiency, and then implement the minimal set of management 
changes that would rapidly induce a shift towards reinstating that community. 
The pathway towards achieving such a powerful outcome involves first establishing the validity 
of the microbial SOM persistence hypothesis, then identifying what kind of microbial communities 
are beneficial or deleterious to desired functions, and finally determining how to effectively 
manipulate soil microbial communities towards target assemblages. The first step of this process, 
testing the hypothesis, can further be split into two components. Its predictions ought to first be tested 
against empirical observation for consistency, a necessary prerequisite for its validity and justification 
for investment of further resources into the challenging task of mechanistic testing. This thesis 
addresses the juxtaposition of empirical observation and prediction of the microbial SOM persistence 
hypothesis, finding that the two aligned well.  
The details and mechanisms of hypothetical microbial control of SOM persistence are almost 
prohibitively difficult to uncover experimentally, because studies capable of doing so necessarily 
need to manipulate and observe an entire ecosystem at once. Any experimental treatment that might 
for example manipulate soil microbial composition is liable to concurrently alter the soil environment. 
Compared with macro-ecosystems that can be observed with human senses, we have limited existing 
knowledge about the soil microbial ecosystem and even more limited tools for observation. Examples 
of important ecosystem components that may go unnoticed or be misrepresented by genomic, 
transcriptomic, biochemical, microscopic and isotopic tools are easily imagined. For instance, blind 
observation of a north-eastern Australian tropical rainforest using such tools might suggest that the 
order Coleoptera (beetles) is overwhelmingly most important due to the high count of species, or that 
canopy trees are the only meaningful component due to high biomass and structural influence. The 
huge importance of the comparatively rare cassowary (Casuarius casuarius), the only animal that 
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disperses large seeds in this system, would likely be missed. Another more pertinent example is that 
the assessment of soil fungal biomass using biochemical methods, as done in this thesis, fails to 
capture fungal morphology, which is likely an important component of hypothetical advantages 
conferred by fungi to microbial community function. Two soils with similar fungal biomass may be 
dominated by fungi with exploratory hyphae that extend long distances versus fungi with dense and 
spatially limited hyphae. Even genomic sequencing of bulk soil in a spatial grid is unlikely to 
determine the extent of fungal individuals due to the high biodiversity in the samples. Sequencing of 
all fungal fruiting bodies in an area may capture this characteristic, but relies on macroscopic 
observation that is temporally unreliable. It is also clear that crude compositional metrics of the soil 
microbial community, such as fungi versus bacteria or gram-positive versus gram-negative bacteria, 
are unlikely to provide a satisfactory prediction of function. Some soil bacteria are functionally 
similar to mycelial fungi (e.g. Streptomyces), and some fungi are functionally similar to most bacteria 
(e.g. yeasts). Gram-positive bacteria as a whole appear to be major contributors of stable soil C 
compounds, but the negative correlation between gram ratio and SOM seen in the Philippines study 
here suggests other compositional or functional factors can override this contribution. 
In spite of the considerable challenges in properly testing the microbial SOM persistence 
hypothesis and identifying potential key taxa involved, I propose a series of future experiments 
toward this end as follows. 
1. Attempt to find a means to manipulatively change microbial compositions to a number of 
alternative stable states in the same soil. Perhaps this could be achieved through inoculating 
sterilised soil with soil of different origins containing different communities, ensuring that the 
introduced soil is such a small proportion of the sterilised soil (say <1%) that it does not 
significantly change overall chemistry and physics. 
2. Characterising differences in C cycling efficiency, biochemically and isotopically, between 
the manipulated communities, then applying genomic and transcriptomic approaches to 
identify key players in the more efficient communities. 
Even if a set of taxa is identified that disproportionately drives SOM formation under one or 
several sets of conditions, their function and contribution to SOM under highly variable field 
conditions and in combination with other taxa cannot be accurately predicted. A focus on 
apportioning microbes or microbial communities into ‘functional groups’, such as oligotrophs and 
copiotrophs, is conceptually appealing, but practical classification in natural conditions is problematic 
(Strickland and Rousk, 2010). Perhaps efforts should thus be focused on broader-scale microbial 
composition, such as using high-throughput sequencing to test for and identify ‘tellivitiforms’ (from 
Latin, “tellus” meaning “earth” and “vitae” meaning “life”) of soil microbial communities, or a 
hypothesised finite and small number of alternative stable states of community assembly, across and 
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within land uses. Analogues of this concept in other biomes are familiar, such as “grassland” versus 
“forest” alternative stable states in many tropical regions, and “enterotypes” (three stable and 
widespread assemblages of human gut microbiota that are a function of lifestyle) in the intestinal 
microbiome (Arumugam et al., 2011). At the macro-ecological level, such as forests, these stable 
states belong to well-defined categories with associated names, often based on dominant taxa or 
functional groups in that assemblage; examples include “oak woodland” or “coral reef”. Recently, 
Toju et al. (2016) found evidence for such alternative stable states in plant rhizospheres, providing 
support for the concept in bulk soil. 
Soil microcosms and mesocosms alongside field trials with chronosequences may facilitate 
testing the tellivitiform concept. One early experiment might involve collecting large amounts of 
topsoil from adjacent forest and pasture, then planting forest trees in the pasture soil and grass in the 
forest soil, both in large pots. Over the course of the following years, repeat soil sequencing may 
reveal whether microbial community composition shifts gradually, suddenly, or not at all. These may 
be succeeded by manipulative experiments wherein a pasture soil is subjected to different subsets of 
forest conditions and microbial composition monitored. 
Assuming the validity of the tellivitiform concept, once microbial assemblage states and their 
associated function have been mapped out, research ought to focus on working out how to most 
effectively induce shifts between states. Soil microcosms and mesocosms would also provide good 
study systems for such inquiry. Eventually, the minimal set of interventions required to achieve a 
target tellivitiform may be identified, allowing unprecedentedly efficient and precise control of soil 
function. 
 
Next steps for ecological restoration field trials 
This thesis indicates that tropical soil microbial restoration through common forms of reforestation 
takes significantly longer than two decades. Soil microbial inoculation or soil transplants may be a 
means to accelerate recovery, but their potential to actively manipulate the microbial community in 
the field needs testing. A relatively simple approach that deserves further study is soil transplants 
coupled with tree planting. Inoculation and soil transplant experiments so far have had limited success 
(Calderón et al., 2016; Requena et al., 2001; Wubs et al., 2016; Yergeau et al., 2015), so new methods 
may require development and testing. Ecological theory suggests that microbial composition resulting 
from land use change away from old-growth forest would come about through competitive exclusion 
of the original microbes. Simple one-time reintroduction of potentially beneficial forest soil microbes, 
without concurrent alteration of the environmental conditions experienced by the microbial 
community, is thus unlikely to bring about lasting change. A sustained increase in dispersal input of 
beneficial microbes may support their competitiveness and facilitate establishment. Single transplants 
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of soils with target microbial communities ought to be compared in the field to ongoing additions 
over several years, perhaps during site visits for weeding, until canopy closure. Alternatively, 
manipulation of environmental conditions by means of introducing woody debris in restoration 
plantings may not only facilitate recovery of the soil microbial community, it also benefits restoration 
of fauna (Manning et al., 2013; Shoo et al., 2014). Similarly, targeted enrichment of the aboveground 
plant community is likely to have multiple benefits, including improved soil restoration, and deserves 
more study. 
 
Final remarks 
SOM has many benefits, but more is not always better. There is a threshold beyond which increases 
are neutral or even counterproductive for soil fertility and structure (Oldfield et al., 2015), although 
the C sequestration potential of SOM makes it altogether beneficial for climate change mitigation. In 
light of the apparent difficulty in rapidly restoring soil microbial communities and SOM to pre-
clearing levels, it may be worthwhile to expand the focus of SOM restoration and reforestation efforts 
to consider how much SOM is needed to restore broad-scale soil function. Perhaps combined with a 
working understanding of soil tellivitiforms, such a focus could facilitate rapid restoration of 
important ecosystem services at minimal cost. 
I conclude that soil microbial composition matters to tropical reforestation. It is not easily 
recovered after degradation, and its importance to global biogeochemical processes may be greater 
than often assumed, with apparent influence on soil microbial function associated with C cycling and 
SOM formation. This thesis helps argue that the coupling between soil microbial community traits 
and SOM warrants more research as a potential avenue to finally solving the mystery of SOM 
persistence in the wet tropics. 
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Abstract 
Soil organic matter (SOM) is crucial to soil health, supporting most of the soil properties that benefit 
plant growth and ecosystem services including carbon sequestration, nutrient recycling and water 
infiltration. Recent study is exposing the soil microbial community as not only decomposing SOM, 
but also providing the primary source of chemicals for its formation. All else equal, SOM formation 
is theoretically greatest when microbes maximise enzyme efficiency (ratio of enzyme activity to 
carbon loss from respiration) and biomass efficiency (biomass gain per unit substrate added). Our 
study examines the relationship between microbial composition and metrics of these two efficiencies. 
We hypothesised that both will increase with higher ratios of soil fungi to bacteria. We manipulated 
microbial composition through sustained use of selective microbial inhibitors in microcosms with 
tropical soil, alongside variation of litter quality and diversity and the presence or absence of a 
simulated root exudate. Both litter and inhibitor treatments significantly changed soil microbial 
composition and function, and enzyme efficiency and biomass efficiency were both higher in 
microbial communities with more fungi, supporting our hypothesis. Structural equation modelling 
suggested that the observed efficiency changes did indeed occur in part via changes in microbial 
composition after accounting for direct effects of treatments. Taken together the results provide some 
support for the hypothesis that soil fungi benefit SOM formation.  
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1. Introduction 
Soil organic matter (SOM) is of global significance as a terrestrial carbon store, containing ~1500 Gt 
of organic carbon (compared with ~600 Gt in vegetation). SOM is declining in many soils subjected 
to agricultural use (Wei et al., 2014) which contributes to greenhouse gas emissions and jeopardises 
soil function. Of particular concern are highly weathered tropical soils where SOM is responsible for 
much of the soils’ physical, chemical and biological integrity (Raich, 1983). Despite its importance, 
mechanistic understanding of how SOM accumulates remains contentious, hindering progress on 
devising effective measures for re-introducing SOM into degraded soils.  
The case is increasingly clear that soil microbial biomass and exudates form the dominant 
precursors of SOM (Cotrufo et al., 2013; Grandy and Neff, 2008; Kallenbach et al., 2016; Miltner et 
al., 2012, 2009). This has given rise to well-founded models of SOM formation such as the Microbial 
Efficiency-Matrix Stabilisation (MEMS) framework and its extension (Castellano et al., 2015; 
Cotrufo et al., 2013), which predict higher SOM formation potential with i) higher microbial biomass 
generated per substrate input and ii) higher microbial efficiency of substrate turnover. Substrate type 
is thus likely to have a strong and direct influence on SOM formation potential due to differential 
uptake and cycling efficiencies (Cotrufo et al., 2013). Another, more poorly characterised determinant 
of substrate use efficiency is microbial community composition. If certain microbial species are 
intrinsically more efficient at converting substrate into microbial biomass and residues, SOM 
formation may vary considerably even with the same substrate. 
As decomposers, heterotrophic soil bacteria and fungi functionally overlap, with the majority 
of species synthesising a wide range of enzymes for catalysing hydrolysis and oxidation of leaf and 
root litter, root exudates, and senesced microbes and animals. This process releases low molecular 
weight molecules used in turn by soil microbes and plants for energy gain and nutrition. Multicellular 
soil fungi are likely to be more efficient than most bacteria at attaining energy and nutrition in the 
heterogeneous soil environment because mycelial growth can ameliorate poor localised stoichiometry 
resulting from the spatial separation of water, nutrients and carbon, e.g. between rhizosphere, O-
horizon and bulk soil (Holland and Coleman, 1987; Šnajdr et al., 2011; Strickland and Rousk, 2010). 
Conceptually, mycelial growth can be hypothesised to increase the trophic return on exo-enzyme 
investment, considering that decay products of exo-enzyme exudation are more likely to return to the 
synthesising individual that enmeshes a target substrate in a mycelium (multicellular fungus) than to 
one that is merely adjacent to a target substrate (unicellular bacterium). In addition, higher C to 
nutrient (N, P, S) ratios in fungal biomass compared with bacterial biomass (Kirkby et al., 2011) 
potentially enable fungi to accumulate more biomass with the same nutrient supply. There is thus a 
mechanistic basis for hypothesising that the broad microbial compositional metric of fungi:bacteria 
biomass ratio (F/B) will correlate with whole community function, perhaps in a manner that increases 
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SOM accumulation potential, due to potentially higher C-use efficiency, more chemically recalcitrant 
necromass and stronger promotion of soil aggregation (Six et al., 2006; Strickland and Rousk, 2010), 
but currently this contention has limited empirical support (Strickland and Rousk, 2010; Thiet et al., 
2006). 
The tropics account for 40% of ice-free landmass and tropical soils may be particularly 
vulnerable to SOM loss due to weathered, low activity clays and high SOM turnover (Don et al., 
2011; Feller and Beare, 1997; Sanchez et al., 1992). Stabilisation of C in tropical soils may be 
especially dependent on microbial function and composition due to fewer environmental limitations 
to decomposition (Six et al., 2002), but manipulative microbial experiments on tropical soils are 
comparatively rare. The present experiment examines microbial drivers of soil C dynamics with 
treatments that are relevant to the tropical context.  
Soil microcosms provide a powerful means to test hypotheses with manipulative treatments, 
but are nevertheless a compromise for studying microbial C cycling, perhaps most significantly due 
to the absence of a rhizosphere and associated root exudates that have the potential to dramatically 
change C cycling (Fontaine et al., 2011; Keiluweit et al., 2015). We hypothesised that higher F/B 
would be associated with i) higher microbial biomass formation per substrate input, and ii) higher 
microbial efficiency of substrate turnover (enzyme efficiency). We manipulated the ratio of fungi to 
bacteria through sustained use of selective inhibitors in soil microcosms, alongside variation of litter 
quality and diversity and the presence or absence of a simulated root exudate. Previously, inhibitors 
have typically been used over short periods (i.e. less than a day) to estimate fungal and bacterial 
contributions to respiration following the addition of glucose (Anderson and Domsch, 1973; Bååth 
and Anderson, 2003). We follow methodological work by Badalucco et al. (1994) who found 
complete and targeted inhibition by these biocides no longer occurs when they are used over time 
periods longer than two days due to partial microbial acclimation; we aim instead for microbial 
compositional shift over time. A novel aspect of our experiment is therefore the sustained application 
of selective microbial inhibitors (broad spectrum antibiotics that act selectively on prokaryotes or 
eukaryotes, respectively) over a medium-term incubation of 27 days to manipulate the soil 
fungal/bacterial ratio.  
   
2. Materials and methods 
The experimental soil, a clay-rich (49%) acidic (pH 4.3) Rhodic Ferralsol, was collected from the 
Atherton tableland at the Thiaki Creek Restoration Experiment site in north Queensland, Australia 
(S17.4302, E145.5140). The soil was chosen as representative of acidic soils (pH ranging from 3.5 to 
5.5) that are typical of the humid tropics (Sanchez et al., 1992), and for its high organic matter content 
and thereby high microbial biomass (Fierer et al., 2009). Between 36 and 40 g of soil was placed 
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unsieved into microcosms constructed out of 50 mL centrifuge tubes (Inselsbacher et al., 2009) and 
incubated at 27 °C and 90 % humidity, in the dark (Clayson Incubator, Clayson Laboratory Apparatus 
Pty Ltd, Narangba, QLD, Australia). After four days of acclimation at 60% water holding capacity 
(maintained for the duration of the experiment), microcosms were subjected to a three-stratum 
experimental design (Table 1) involving two inhibitor treatments (fungal inhibitor cycloheximide, 
bacterial inhibitor streptomycin, no inhibitor control), three litter treatments (pasture grass Brachiaria 
decumbens Stapf, Eucalyptus grandis Hill ex Maiden, rainforest litter from remnant forest within the 
study area), and simulated exudate treatment (dissolved sucrose addition, no-sucrose added control), 
with six replicates of each treatment combination. The inhibitor compounds cycloheximide and 
streptomycin were acquired from Sigma Aldrich Co., Australia (product codes C7698 and S6501 
respectively). Respiration rates were monitored in the microcosms over 27 days. This period was 
chosen to minimise the influence of an artificial soil environment without a rhizosphere while 
providing sufficient time for microbial communities to recompose. The litter treatments provided 
tropically relevant contrasts of chemical recalcitrance (pasture grass compared with Eucalyptus litter) 
and diversity (mixed rainforest litter compared with grass or Eucalyptus). Eucalyptus plantations, 
pasture and rainforest are widespread and often competing land uses in the humid tropics (Chen et 
al., 2013; Don et al., 2011). 
 
Table 1. Design of experiment performed in this study. 
Variable Value Levels 
Exudate None 2 
 Sucrose  
Litter Pasture grass 3 
 Eucalyptus  
 Mixed rainforest  
Inhibition None 3 
 Streptomycin  
 Cycloheximide  
 Total number of microcosms: 2×3×3 treatments × 6 replicates = 108 
 
We calibrated the concentrations of the inhibitors (dissolved in distilled water) to deliver an initial 
dose of approximately 1000 ppm streptomycin (bacterial inhibitor) and 2000 ppm cycloheximide 
(fungal inhibitor) per gram dry soil contained in each microcosm, a rate at which the inhibitors have 
been deemed effective (Anderson and Domsch, 1973), followed by ongoing daily additions 
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amounting to circa 330 ppm streptomycin and 660 ppm cycloheximide to maintain inhibition 
throughout the experiment. 
Litter treatments involved addition of 200 mg of pasture grass Brachiaria decumbens, 
Eucalyptus grandis or mixed rainforest litter to the soil surface of each microcosm at the start of the 
experiment, which is equivalent to 2.7 tonnes per hectare, or roughly four months of rainforest litter-
fall (Parsons et al., 2014). Prior to addition, the litter was oven-dried at 55 °C for 72 hours and 
homogenised to 1-2 mm fragments (Retsch ZM200 centrifugal mill). The pasture grass and mixed 
rainforest litter were collected from within the study area from long-term pasture and remnant 
rainforest. Grass litter was cut from living grass, whereas rainforest litter showing minimal signs of 
oxidation and decomposition was collected from the forest floor. Eucalyptus litter was gathered from 
beneath a solitary tree growing on the St Lucia campus of the University of Queensland (S27.4986, 
E153.0125) in the same manner as the rainforest litter. C/N ratios for litter treatments were 24.5, 38.9, 
34.7 for grass, Eucalyptus and mixed rainforest respectively (Flash 2000 Organic Elemental Analyser, 
Thermo-Fisher Scientific, Scoresby, VIC, Australia). The ‘simulated root exudate’ treatment received 
dissolved sucrose at a rate of approximately 100 μg C g−1 dry soil day−1 (Baudoin et al., 2003).  
Respiration was measured in five microcosms for each treatment on a daily basis for the first 
seven days, and every two to three days for the remainder of the experiment. Single wells (from a 
breakable 96-well plate) filled with cresol red indicator solution (Rowell, 1995) set in 1 % agar gel 
(Campbell et al., 2003) were attached with a reusable adhesive to the interior walls of the centrifuge 
tubes and the microcosms were sealed with rubber stoppers as per Brackin et al. (2013). After two 
hours the rubber stoppers and wells were removed, and the wells were placed into a microtitre plate 
and their 590 nm absorbance was read (Powerwave XS Spectrophotometer, Bio-Tek, USA). 
Microcosms were harvested 27 days after litter addition, involving hand sieving to 1.4 mm 
followed by analyses for enzyme activity, functional profile, soil C, and phospholipid fatty acids 
(PLFA). Total enzyme activity was assessed in five soils for each treatment using the FDA 
(fluorescein diacetate) colourimetric assay (Adam and Duncan, 2001). Enzyme activity was divided 
by the mean of the two last respiration readings to calculate enzyme efficiency, a metric of microbial 
efficiency calculated in various ways in the past (Fanin and Bertrand, 2016; Sinsabaugh et al., 2002; 
Wickings et al., 2012), used here as a metric of efficiency of substrate turnover (more cycling of 
compounds with less C loss). As there was no leaching from the microcosms, the proportion of added 
C lost from microcosms during the experiment could be calculated by dividing cumulative respiration 
by C added from all sources (litter, sucrose, and inhibitors), which in turn was used to calculate C 
retention (1 – proportion lost C). Functional profiling of the microbial community was performed 
using the MicroResp system described by Campbell et al. (2003). This method examines only one 
metric of catabolic activity (respiratory responses to various substrates), so the extent to which it 
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represents overall soil microbial function is unknown. It has nevertheless been successful as a quick 
method that catabolically distinguishes differing soil microbial communities. Briefly, sieved soil from 
harvested microcosms was added to deep-well microplates at a rate of approximately 300 mg per 
well, followed by addition of one of 15 organic substrates dissolved in distilled water along with a 
distilled water control. The substrate solutions were mixed such that the quantity of added C and 
water was consistent. The resultant CO2 production over 12 hours was measured with cresol red 
indicator set in 1 % agar gel in a 96-well plate, as outlined above. The substrates were sugars (glucose, 
fructose, sucrose), carboxylic acids (citric acid, α-keto-butyric acid), phenolic acids (vanillic acid, 
syringic acid), amino acids (phenylalanine, tryptophan, asparagine, glutamine, glycine), a dipeptide 
(glycine-phenylalanine), an amino sugar (glucosamine) and phytic acid dipotassium salt. These 
substrates were chosen as water soluble, biologically relevant compounds that represent a range of 
chemical recalcitrance and nutrient content. Each substrate was added to three wells for three 
technical replicates. 
Soil organic C was estimated using isotope ratio mass spectrometry (IRMS) (Peri et al., 2012), 
with sulphurous acid pre-treatment to test for presence of inorganic C. PLFA analysis was performed 
as described previously (Bossio and Scow, 1998) on three pools of soil (each from two microcosms) 
for each treatment combination. We used PLFA analysis rather than genomic methods in this 
experiment because we were interested in more quantitative assessment of relative biomass of groups 
rather than high taxonomic resolution. An index of bacterial biomass was estimated from fatty acids 
judged of bacterial origin (i15:0, a15:0, 15:0, i16:0, 16:1ω7, i17:0, a17:0, cy17:0, 17:0, 18:1ω7 and 
cy19:0) and 18:2ω6,9 was used to estimate an index of fungal biomass (Frostegard and Baath, 1996); 
the biomass ratio of fungi to bacteria was calculated as the quotient of these bacterial and fungal 
biomass indices. Gram positive bacterial biomass was estimated using the fatty acids i15:0, a15:0, 
i16:0, i17:0 and a17:0; gram negative bacterial biomass were identified by the fatty acids 16:1ω7, 
18:1ω7, cy17:0 and cy19:0. Actinomycete biomass was estimated with the fatty acid 10me18:0. The 
sum of microbial PLFAs was used as an index of microbial biomass, which was then used to calculate 
our metric of microbial efficiency of biomass accumulation (“biomass efficiency”), calculated as the 
quotient of microbial biomass and total C added during the experiment. Microbial PLFA biomass 
was also used to calculate the quotient of respiration (qCO2, the respiration-to-biomass ratio), and the 
ratio of microbial biomass to soil organic C (Cmic/Corg), both of which have been used as metrics of 
soil microbial health (Anderson, 2003; Wardle and Ghani, 1995). 
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2.1. Statistics 
All analyses were performed using R, version 3.2.4 (http://www.r-project.org/), with the packages 
‘multcomp’, ‘car’, ‘plyr’, ‘MuMIn’, ‘lavaan’, and ‘vegan’ (Barton, 2016; Oksanen et al., 2016; 
Rosseel, 2012).  
In order to adjust for differences in baseline respiration in the MicroResp responses, values 
obtained from wells with only water added were subtracted from all other values, and resultant values 
were divided by the sum of responses for the sample (Leff et al., 2012). Shannon’s diversity index 
was calculated from respiratory responses across the substrates using the equation ܧ = −∑ ݌௜ ln ݌௜௜ , 
where pi is the respiration induced by the i:th substrate expressed as a proportion of the sum of all 
respiration rates.  
PERMANOVA (function ‘adonis’ in R package ‘vegan’) with 9999 permutations using Chord 
distance, linear regression and Analysis of Variance were used for model fitting and testing. For the 
latter two, optimal model selection was performed computationally using the ‘dredge’ function in the 
package ‘MuMIn’, which fits all possible models with all combinations of predictors and ranks them 
according to AICc (corrected Akaike Information Criterion). Only models passing diagnostic tests 
for heteroscedasticity, non-normality and outlier leverage were retained. Pearson’s product-moment 
test was used to examine pairwise correlations between variables.  
Linear discriminant analysis was used to assess separation of experiment treatments with 
respect to microbial composition and function. Non-metric Multi-Dimensional Scaling (NMDS) to 
two dimensions using Chord distance (function ‘metaMDS’ in R package ‘vegan’) was applied to 
PLFA data in order to visualise changes in microbial enzyme and biomass efficiency in compositional 
space. The correlation between microbial catabolic function (microresp responses) and microbial 
biomass composition (PLFA responses) was tested in 15-dimensional space directly using ordination 
into orthogonal axes (using Chord-transformed principal components analysis) followed by the 
Procrustes superimposition permutation test (with 9999 permutations), which has been shown to have 
greater power and applicability than the Mantel test (Guillot and Rousset, 2013; Lisboa et al., 2014; 
Peres-Neto and Jackson, 2001). Chord-transformed redundancy analysis with MicroResp data as 
response and PLFA data as constraining axes followed by a permutation significance test with 9999 
permutations was used to corroborate Procrustes results.  
Structural equation modelling (function ‘sem’ in R package ‘lavaan’) was used to analyse data 
error structure for indications of direct and indirect effects of treatments on microbial efficiency, 
which was included as a latent variable defined by enzyme efficiency and biomass efficiency. 
Microbial composition was parameterised in this analysis as the second axis from the NMDS analysis 
of microbial composition described above. Similarly, the first Linear Discriminants of microbial 
PLFA composition with respect to litter and inhibition treatments were included in SEM analysis as 
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maximally descriptive univariate representations of variation in microbial composition induced by 
these treatments. Where the assumption of multivariate normality for SEM analysis was violated, 
robust maximum likelihood estimation of standard errors and test statistics was used, with Satorra-
Bentley scaling. Only models with a robust Comparative Fit Index above 0.95 and robust Root Mean 
Square Error of Approximation not significantly higher than 0.05 were considered. 
 
 
3. Results 
Litter treatments and the sustained application of selective microbial inhibitors significantly changed 
soil microbial composition and function (Figure 1; Tables S1, S2). The sucrose treatment also had 
significant influence on microbial communities either directly or via interaction with other treatments 
(Tables S1, S2). A Procrustes permutation test, which tests similarity of matrices, indicated that 
microbial function was significantly correlated with microbial composition (P < 0.001, correlation 
coefficient = 0.41). This result was corroborated by a permutational significance test on redundancy 
analysis, which also indicated that microbial biomass composition explained 36% of the variance in 
microbial function.  
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Figure 1. Plots of linear discriminant analysis ordinations depicting separation of litter treatments (top; a, b; g = grass litter Brachiaria 
decumbens, e = Eucalyptus grandis litter, m = mixed rainforest litter) and selective microbial inhibitors and control treatment (bottom; 
c, d; s = streptomycin, c = cycloheximide, n = no inhibitor control) with respect to soil microbial function (left; a, c) and composition 
(right; b, d), measured through substrate use and PLFA analysis respectively, in a microcosm-based laboratory study. Green arrows 
show directions in which interpreted summary metrics of function and composition increase.  
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Compared to the grass and Eucalyptus litter treatments, mixed rainforest litter appeared to shift 
microbial function towards greater responsiveness to compounds containing nutrients (Figure 1a) 
while increasing F/B (Figure 1b). Total microbial biomass was lower in Eucalyptus treatments than 
grass and mixed rainforest litter treatments (Figure 1b; Table S3). The bacterial inhibitor increased 
responsiveness to phenols (Figure 1c) and increased F/B relative to the fungal inhibitor, while total 
microbial biomass was lowest in fungal inhibitor treatments and highest in controls (Figure 1d; Table 
S3). Litter treatments appeared to more strongly affect F/B than inhibitor treatments (Table S4) with 
nominal ranges of 0.022 ± 0.001 (pasture grass) to 0.033 ± 0.001 (mixed rainforest) and 0.024 ± 0.002 
(fungal inhibitor) to 0.029 ± 0.002 (bacterial inhibitor) respectively. However, microbial composition 
overall was more strongly changed by inhibitor treatments, with inhibitor treatments and their 
interaction with sucrose treatments explaining over 28% of the variation in microbial composition 
(21% explained by inhibitors alone) compared with 14% explained by litter treatments (Table S2). 
Similarly, inhibitor treatments explained more variation in microbial catabolic function than litter 
treatments (Table S1). Sucrose treatment significantly increased cumulative respiration over the 
course of the experiment (P < 0.001; Table S5), and was the only treatment to have a significant 
effect. Shannon’s functional diversity did not differ significantly between treatments. 
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Figure 2. Non-metric multidimensional scaling ordination (using Chord distance) plot, depicting directions of change of 
microbial efficiency metrics in microbial PLFA compositional space. F/B = fungal/bacterial biomass ratio, G+/G- = bacterial 
gram-positive to gram-negative biomass ratio, Ee = enzyme efficiency (hydrolytic enzyme activity per C loss), and Eb = biomass 
efficiency (microbial biomass per added C). Both efficiency metrics increase significantly as microbial composition trends 
towards greater fungal presence. 
 
Enzyme efficiency (the ratio of total hydrolytic enzyme activity to C loss from respiration) and 
biomass efficiency (the ratio of microbial biomass at the end of the experiment to total C added over 
its duration) both appear to increase with greater fungal dominance (Figure 2). Enzyme efficiency 
correlated negatively with qCO2 (P < 0.001, r = -0.76), and positively with fungal biomass (P = 0.026, 
r = 0.30) and the logarithm of F/B (P = 0.048, r = 0.27); biomass efficiency correlated negatively with 
qCO2 (P = 0.031, r = -0.29), and positively with Cmic/Corg (P < 0.001, r = 0.54), which in turn also 
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correlated positively with F/B (P = 0.014, r = 0.33). Computational dredging of linear regression 
models with AICc ranking indicated that the best model for enzyme efficiency included as 
explanatory variable only the second NMDS axis of microbial composition, which represented F/B 
strongly but also captured additional information about microbial composition (Figure 2). Biomass 
efficiency was best explained by the model including the experimental treatments and this NMDS 
axis as predictors. Structural equation modelling suggested that litter effects on microbial efficiency 
were indirect, occurring via changes to microbial composition (Figure 3). All effects of sucrose 
treatments on microbial efficiency appeared direct (addition of sucrose reduced microbial efficiency), 
while inhibitor treatments had both indirect effects (via microbial recomposition) and direct effects, 
such that microbial efficiency was highest with bacterial inhibitor and lowest with fungal inhibitor 
(Figure 3). Similarly, the proportion of added C that had not been lost during the experiment, here 
termed C retention, was affected both directly and indirectly by inhibitors, and only indirectly by 
litter treatments (Figure 4). Microbial compositional variation induced by litter treatments, which in 
turn appeared to induce variation in C retention, was represented by its first linear discriminant 
(Figure 1b) and correlated strongly with F/B (P < 0.001, r = 0.58). Notably, the indirect inhibitor 
effects on C retention had opposite sign (opposite direction of influence) to the direct effects; C 
retention was highest in fungal inhibitor treatments and lowest in control treatments. 
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Figure 3. Path diagram of a structural equation model depicting direct versus indirect effects of experimental treatments 
on microbial efficiency, a latent variable defined by enzyme efficiency (ratio of enzyme activity to C loss from respiration) 
and biomass efficiency (the ratio of microbial biomass at the end of the experiment to the amount of C added during its 
course). The metric of microbial composition used was the second axis from NMDS analysis of microbial composition 
(Figure 2) which was chosen due to its strong explanatory power for enzyme efficiency and biomass efficiency. This axis 
is negatively correlated with fungal dominance, so that lower value correspond to more fungi; the model therefore 
indicates that greater fungal dominance is associated with greater microbial efficiency. The model further indicates that 
litter treatments significantly affected microbial efficiency only through changing microbial composition, while selective 
inhibitor treatments changed efficiency both directly and indirectly (by means of changing microbial composition, which 
in turn changed microbial efficiency). Thickness of arrows is proportionate to the standardised effect size, which is also 
depicted by numbers. 
 
Due to the confounding element of differential quantities of C (of indeterminate bioavailability) added 
through inhibitors, analysis of total organic C in microcosms was performed on the subset of data that 
did not have inhibitors added. Soil organic C was explained no better by any model with explanatory 
variables than by the model including only intercept, suggesting that background variation was 
overpowering statistical power and no further analysis ought to be carried out on this response.  
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Figure 4. Path diagram of a structural equation model showing direct and indirect experimental treatment effects on C 
retention, defined as the proportion of added C not lost during the experimental period (one month), which is used as an 
indicator of decomposition processes. LD1 [Litter] and LD1 [Inhibition] are the first Linear Discriminants of microbial 
composition (assessed using PLFA analysis) with respect to litter and inhibition treatments respectively; LD1 [Litter] 
describes 66% of the variation in microbial composition across litter treatments, and LD1 [Inhibition] describes 85% of 
the variation in microbial composition across inhibition treatments (see Figure 1b, d). The model indicates that litter 
treatments affect C retention via microbial recomposition, while inhibitor treatments had significant direct and indirect 
effects that pushed C retention in opposite directions. Thickness of arrows is proportionate to the standardised effect size, 
which is also depicted by numbers. 
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4. Discussion 
Here we investigated the relationships between soil microbial composition and microbial substrate 
use efficiency with freshly collected soil studied in laboratory conditions. We hypothesised that 
higher ratios of fungi/bacteria would be associated with i) higher efficiency of substrate cycling, and 
ii) higher efficiency of microbial biomass formation. We manipulated substrate input to soil 
microcosms and microbial communities by selectively inhibiting fungi, bacteria or neither. Both the 
sustained use of selective inhibitors and differential litter additions strongly reshaped the microbial 
community, allowing the targeted relationships to be evaluated without the confounding influence of 
co-variation in soil characteristics or environmental conditions. Microbial function correlated 
significantly with composition, even with the comparatively low compositional resolution of PLFA 
analysis. In particular, our metrics of microbial substrate use efficiency – biomass per added C and 
enzyme activity per lost C – increased as microbial composition trended towards fungal dominance, 
findings that support both elements of our hypothesis. Further analysis indicated that observed 
changes in microbial substrate use efficiency did indeed occur in part due to changes in microbial 
composition, rather than due to unintended direct effects of treatments. Following on from recent 
findings that stable SOM is predominantly derived from microbial products (Grandy and Neff, 2008; 
Kallenbach et al., 2016; Knicker, 2011; Miltner et al., 2012, 2009), our study provides some support 
for the hypothesis that soil fungi benefit SOM formation.  
In contrast to our results, Thiet et al. (2006) examined microbial efficiency (growth yield 
efficiency – the proportion of substrate C taken up by microbes that is not lost to respiration) in soil 
microbial communities with strongly contrasting F/B ratios and found no difference. The substrate in 
their experiment was glucose, added in solution, which is readily metabolised by all heterotrophic 
soil microbes. Their study calls into question the claim that fungi have intrinsically higher substrate 
use efficiency than bacteria at a cellular level, but may be less relevant to realised growth efficiencies 
on complex natural substrates with diverse chemical compositions. Their results thus complement 
ours, allowing us to speculate that fungal geometric and enzymatic advantages may be responsible 
for the higher indicated efficiency with greater fungal dominance. 
Carbon retention, defined in this study as the proportion of added C not lost as respired CO2 
(the only avenue of C loss in this experiment) from microcosms during the experiment, integrates two 
components of decomposition that cannot be disentangled. Observed C retention in our experiment 
would be increased by more efficient decomposition, due to lower losses per unit C processed, as 
well as by slower decomposition. Carbon retention thus provides little direct insight into SOM 
formation when measured at the end of a one month experiment, but variation in C retention may 
provide a good summary metric of variation in decomposition processes. In this study, C retention 
differences between litter types appeared to occur to a large extent through microbial recomposition, 
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indicating perhaps that decomposition was more strongly regulated by microbial composition than 
directly by substrate chemistry. We found a similar result regarding influence of litter treatments on 
microbial efficiency, and our study is thereby consonant with work by Amin et al. (2014) in indicating 
that substrate quality may most strongly regulate SOM by means of recomposing the soil microbial 
community, which in turn alters C dynamics (but see Fanin and Bertrand, 2016). An important 
corollary question is whether the indirect effects of substrate quality on cycling efficiency may 
contrast with the direct effects. For instance, recalcitrant litter may have lower efficiency of use due 
to its chemistry, but induce changes in the soil microbial community that increase substrate use 
efficiency, as was observed by Amin et al. (2014).  
Litter of contrasting recalcitrance, Eucalyptus and pasture grass, did not bring about differing 
F/B biomass ratios. The highest F/B biomass ratio occurred in the mixed rainforest litter treatment, 
which was the most floristically diverse litter treatment. While we cannot rule out other factors, 
greater chemical heterogeneity resulting from higher litter diversity is liable to benefit fungal 
competitiveness by virtue of a greater chemical toolkit (De Boer et al., 2005; Šnajdr et al., 2011). The 
role of floristic diversity in determining SOM restoration potential by means of shifting microbial 
composition to a more efficient assemblage is unknown. Carney and Matson (2005) found that plant 
diversity positively correlated with soil microbe functional diversity and substantially influenced 
microbial composition in tropical rainforest soil, and there is evidence that mixed-species plantations 
and secondary forest can promote higher SOM than monoculture plantations (Cuevas et al., 1991; Li 
et al., 2005; Wang et al., 2013; Wen et al., 2014). Trends in SOM under different tropical land-uses 
might be more closely linked to tree species composition than species richness (Wieder et al., 2008), 
with persistently higher SOM under old-growth forest compared with plantations and secondary 
forest (Don et al., 2011) and a long lag-time for floristic composition to converge on that of old-
growth forest during secondary succession (Curran et al., 2014; Finegan, 1996), including within the 
study area (Shoo et al., 2016). Further investigation of the coupling between diversity and 
composition of litter and soil microbial community may be an important step towards identifying land 
use interventions that best promote SOM recovery. 
This study leans heavily on two proxies of microbial substrate use efficiency: ‘enzyme 
efficiency’ and ‘biomass efficiency’. Either one in isolation has the obvious caveat that it is somewhat 
indirect compared with stable isotope methods, where 13C-labelled substrate is provided to microbes, 
respired 13CO2 is measured, and 13C mass-balance calculations allow estimation of the proportion of 
substrate taken up by microbes but not lost (Thiet et al., 2006). Combined, however, we argue that 
the two metrics complement each other well. Biomass efficiency does not account for recycled C, but 
enzyme efficiency provides insight into recycling efficiency; enzyme efficiency provides only a 
snapshot in time at the end of the experiment, whereas biomass efficiency provides a time-integrated 
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measure of the whole experiment. Nevertheless, our study gives only initial insight into questions that 
deserve more study with a range of methods. 
Manipulating soil microbial communities is highly prone to purely correlative results, as the 
intervention required to bring about the desired microbial change is liable to simultaneously change 
soil chemistry and physics. Observed changes in a response variable may thus directly result from the 
intervention, rather than from the manipulated microbes, such that no more than correlation between 
hypothesised cause and effect can be established. We attempted to manipulate microbial composition 
using a biochemical intervention that ought to have effects on microbes far out of proportion with its 
effects on overall soil biochemistry and physics. Structural equation modelling suggested that the 
method was successful in this regard, but it is important to stress that we cannot conclusively 
disentangle cause and effect. Although our modelling indicates it is unlikely, it is possible that our 
treatments had direct effects on both microbial efficiency and composition, and the two are 
independent. 
In our study F/B, quantified by the putatively fungal PLFA 18:2ω6c (linoleic acid) divided by 
the sum of putatively bacterial PLFAs (see methods section for list), appeared to be more strongly 
changed by litter treatments than sustained addition of selective inhibitors. This is surprising, and 
seems to demonstrate microbial acclimation to the biocides, a known caveat with applying them over 
longer time periods than two days if the aim is complete inhibition (Badalucco et al., 1994), rather 
than compositional shift as in this experiment. However, sustained inhibitor application had 
substantially stronger effects than litter treatments on microbial composition viewed on a more 
granular level, and our compositional metric that captured F/B but also had more resolution (a 
compositional ordination axis) was a far better predictor of microbial efficiency. Although microbial 
efficiency appeared to increase with increasing fungal dominance, it is important to note that the 
compositional change that seemed to benefit microbial efficiency went beyond F/B, which on its own 
is a crude measure of microbial composition. Even if focussing narrowly on fungi, two of their most 
important theoretical efficiency advantages over bacteria – geometric advantages of hyphal growth 
in a stoichiometrically heterogeneous soil environment, and greater biochemical power conferred by 
a greater diversity of expressible enzymes (Šnajdr et al., 2011) – are limited to a small subset, 
particularly to cord-forming Basidiomycota. As some of these fungi are among the largest organisms 
on Earth (Stenlid, 2008), F/B might capture a significant proportion of the biomass ratio between 
larger fungi and all remaining microbes, which could be a better predictor of microbial efficiency. 
Manzoni et al. (2012) suggest that differences in substrate use efficiency ought to occur between 
“autochthonous” (slow-growing and humus-degrading) and “zymogenous” (fast-growing and 
opportunistic) microbes, rather than between fungi and bacteria, although some correspondence 
between the classifications is likely (most autochthonous taxa are fungal and most zymogenous taxa 
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are bacterial). More generally, disentangling which microbes better promote SOM formation at far 
higher resolutions than F/B appears necessary for effectively developing microbial indicators for 
SOM restoration. 
Considerable progress has been made in recent decades in revealing the chemical origins of 
SOM, but far more work is needed to identify the biogeochemical conditions under which SOM 
formation and persistence are maximised and the underlying mechanisms. A stronger knowledge base 
will assist inter alia the proposed additional sequestration of 0.4% of current soil organic C stocks 
annually to combat climate change (proposed by the French Government for discussion at the 
Conference of Parties on Climate Change, 2016). The present experiment strengthens the case for 
further study into the relationship between soil microbial composition and SOM dynamics. We 
conclude that the success of efforts to manipulate SOM through land management may require a keen 
focus on soil microbial composition. 
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SUPPLEMENTARY MATERIAL    TABLE S1. PERMANOVA output for the most reduced model describing soil microbial function.  Permutation: free Number of permutations: 9999  Terms added sequentially (first to last)                            Df SumsOfSqs MeanSqs F.Model      R2 Pr(>F)     exudate                    1    0.5746 0.57464  3.2851 0.03643 0.0146 *   litter                     2    0.7587 0.37934  2.1686 0.04810 0.0346 *   inhibition                 2    3.2000 1.59998  9.1466 0.20286 0.0001 *** litter:inhibition          4    2.6826 0.67065  3.8339 0.17006 0.0001 *** exudate:litter:inhibition  8    2.2611 0.28263  1.6157 0.14334 0.0309 *   Residuals                 36    6.2973 0.17493         0.39921            Total                     53   15.7742                 1.00000            --- Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1    TABLE S2. PERMANOVA output for the most reduced model describing soil microbial composition.  Permutation: free Number of permutations: 9999  Terms added sequentially (first to last)                     Df SumsOfSqs   MeanSqs F.Model      R2 Pr(>F)     litter              2  0.024046 0.0120232  5.6889 0.14188 0.0002 *** inhibition          2  0.035692 0.0178460  8.4441 0.21060 0.0001 *** inhibition:exudate  3  0.012524 0.0041747  1.9753 0.07390 0.0479 *   Residuals          46  0.097217 0.0021134         0.57362            Total              53  0.169480                   1.00000            --- Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1    TABLE S3. ANOVA output for most reduced model describing soil microbial biomass.                     Df Sum Sq Mean Sq F value   Pr(>F)     exudate             1   47.2    47.2   1.080  0.30405     inhibition          2 1118.5   559.3  12.788 3.83e-05 *** litter              2 1003.0   501.5  11.468 9.10e-05 *** exudate:inhibition  2  573.9   286.9   6.561  0.00311 **  Residuals          46 2011.7    43.7                      --- Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1     
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TABLE S4. ANOVA output for most reduced model describing soil fungi:bacteria ratio.              Df    Sum Sq   Mean Sq F value   Pr(>F)     inhibition   2 0.0002299 0.0001149    4.94   0.0111 *   litter       2 0.0011476 0.0005738   24.66 3.89e-08 *** Residuals   49 0.0011401 0.0000233                      --- Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1      TABLE S5. ANOVA output for most reduced model describing soil microbial respiration.              Df Sum Sq Mean Sq F value   Pr(>F)     exudate      1  909.8   909.8   26.27 4.44e-06 *** Residuals   52 1801.3    34.6                      --- Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1     
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Abstract 
Widespread and continuing losses of tropical old-growth forests imperil global biodiversity and alter 
carbon (C) cycling. Soil organic matter (SOM) typically declines with land use change from old-
growth forest, but the underlying mechanisms are poorly understood. Ecological restoration 
plantations offer an established means of restoring aboveground biomass, structure and diversity of 
forests, but their capacity to recover the soil microbial community and SOM is unknown due to 
limited empirical data and consensus on mechanisms of SOM formation. Here we examine soil 
microbial community response and SOM in tropical rainforest restoration plantings. Two decades 
post-reforestation, we found a statistically significant but small increase in SOM in the fast-turnover 
particulate C fraction. The δ13C signature of the more stable humic organic C (HOC) fraction 
indicated a significant compositional turnover in reforested soils, from C4 pasture-derived C to C3 
forest-derived C, but this did not translate to HOC gains. We saw no increase in HOC in reforested 
soils compared with the pasture baseline, yet matched old-growth rainforest soils had significantly 
higher concentrations of HOC; soil microbial enzyme efficiency and the ratio of gram-positive to 
gram-negative bacteria followed the same pattern. Soil microbial composition and function together 
explained variation in HOC better than land use. Our results suggest that recovery of soil microbes 
and stable SOM in timeframes often focused on in tropical reforestation might require management 
intervention beyond re-establishing aboveground biomass and structure.  
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Introduction 
The global extent of old-growth forest is shrinking steadily, concurrently with an increase in the area 
of human-altered forests and secondary forests, particularly in the tropics (Keenan et al., 2015). 
Global carbon (C) cycling and biodiversity are perturbed by the changes in forest cover (Gibson et 
al., 2011; Pan et al., 2011), but the extent of perturbation remains under debate, largely because of 
contention over the capacity of plantations and secondary forests for C sequestration and biodiversity 
conservation (Bonner et al., 2013; Gibson et al., 2011; Shoo et al., 2016). Belowground processes 
remain poorly studied and are a major knowledge gap that hinders the holistic understanding of land 
use conversion, despite their significant effects across local, landscape and global scales. Land use 
change from old-growth to other types of forest appears to consistently catalyse soil organic matter 
(SOM) loss (Don et al., 2011; Wei et al., 2014), compromising soil structure, fertility and C 
sequestration, which in turn exacerbates climate change and the severity and frequency of floods, 
while reducing nutrient retention and ecosystem productivity (Schroth et al., 2004; Smith et al., 1999).  
Ecological restoration plantations appear to balance aboveground biodiversity and C 
sequestration goals, often demonstrating a strong capacity for reinstating aboveground rainforest 
structure and species richness within a few decades of establishment (Kanowski et al., 2003; 
Kanowski and Catterall, 2010; Rodrigues et al., 2009; Shoo et al., 2016), although floristic 
composition is difficult to recover even with such directed plantations (Rodrigues et al., 2009; Shoo 
et al., 2016). The efficacy of ecological plantings for soil restoration is less understood. No consistent 
pattern for SOM recovery in the first few decades post-planting has emerged (Cunningham et al., 
2012; England et al., 2016; Li et al., 2013; Paul et al., 2010; Richards et al., 2007), although soil 
structure may change rapidly (Gageler et al., 2014; Paul et al., 2010). Recovery of soil microbial 
communities through forest restoration is particularly poorly studied (but see Martucci do Couto et 
al., 2016), with claims of high microbial plasticity and functional redundancy allowing rapid 
functional response to land use change (Finlay et al., 1997; Nannipieri et al., 2003) conflicting with 
evidence of legacy effects of former land use on soil microbial traits many decades on (Fichtner et 
al., 2014; Fraterrigo et al., 2006).  
Poor understanding of soil microbiological responses to forest restoration is not only a 
knowledge gap from the perspective of biodiversity conservation – forest soils are among the most 
species diverse systems on Earth (Hanson et al., 2008) – but substantially obfuscates the potential for 
recovery of SOM and related ecosystem services from investment in forest restoration. Soil microbes 
are responsible for decomposition of SOM (Fontaine and Barot, 2005), microbial biomass and 
residues are primary chemical precursors of SOM (Cotrufo et al., 2013; Grandy and Neff, 2008; 
Kallenbach et al., 2016; Miltner et al., 2012, 2009), and soil microbial community composition may 
affect the fraction of plant litter that becomes microbial SOM precursor material (Manuscript I in this 
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thesis). A compelling argument can therefore be made that soil microbial traits and SOM formation 
are strongly coupled. Whole-system benefits of investment in active forest restoration thus cannot be 
accurately anticipated due to a lack of empirical study of soil biological, chemical and physical 
responses to ecological restoration planting. 
Agroecosystems generally harbour lower SOM levels than forest ecosystems (Don et al., 2011), 
but the mechanisms for SOM loss with conversion to agriculture are disputed. Well-supported 
hypotheses for SOM losses in agricultural soils include soil disturbance through tillage, lower 
quantities and altered chemical composition of plant residues, and use of inorganic fertilisers (Don et 
al., 2011; Jones et al., 2016; Khan et al., 2007; Six et al., 2002). However, recent work (Castellano et 
al., 2015; Kallenbach et al., 2016) has laid the foundations for a working model that explains patterns 
of SOM under agriculture and forests. The model predicts that simultaneous supply of labile 
substrates, which can be metabolised comparatively efficiently, and of diverse and recalcitrant plant 
litters, which provide conditions that favour a more efficient microbial community (Amin et al., 2014; 
Fanin and Bertrand, 2016), minimises C loss via respiration and increases supply of microbially-
derived SOM precursor compounds. The model explains low SOM levels under agricultural land uses 
as primarily caused by (i) soil disturbance subjecting more soil C to decomposition and erosion while 
disfavouring microbes that are slow-growing, oligotrophic and metabolically efficient (Manzoni et 
al., 2012), and (ii) the presence of plant residues that are chemically too homogeneous to promote a 
functionally diverse microbial community. The model yields the management recommendation that 
increasing SOM under conditions of low soil disturbance will depend on maximising soil microbial 
functional diversity through maximising the diversity, phylogenetic and/or functional, of plant litter.  
Here we investigate soil under mixed species plantings (4-34 years since planting) and evaluate 
recovery relative to reference soils under pasture and rainforest. Specifically, we assess the 
applicability of the abovementioned working model of SOM formation in the tropics, and examine 
the efficacy of restoration plantings for reinstating microbial composition and function. The choice 
of pasture as an agricultural soil eliminates the potentially confounding factors of tillage and low litter 
inputs, allowing a targeted evaluation of the interplay between land use, microbial community, and 
SOM. Further, we targeted pastures that were not subject to regular application of inorganic fertilisers 
and were actively grazed at a low to moderate intensity. We hypothesised that SOM and microbial 
efficiency would be highest under remnant rainforest, lowest under pasture, and intermediate under 
restoration plantings. 
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Methods 
Study sites 
The study design involved comparison of soils from under mixed species plantings and two reference 
conditions: pastures (representing the baseline prior to reforestation) and rainforest (representing the 
baseline prior to clearing for pasture, as well as a hypothetical endpoint of reforestation). All sites 
were located across uplands in tropical north-eastern Australia (16.56-17.43 S, 145.36-145.65 E). The 
study region consists of a mosaic of pasture, cropland, and small patches of plantations, secondary 
forest, and remnant complex notophyll and mesophyll forest (Shoo et al., 2016).  
Nineteen 0.3 hectare plots distributed across eight sites were sampled for soil microbial traits 
and SOM content. Each site consisted of two matched plots: a reference pasture and a mixed species 
planting. Three sites also included a matched plot in reference rainforest. All but two of the pasture 
sites were actively grazed at a low to moderate intensity, and consisted largely of the grass species 
Brachiaria decumbens Stapf. Reference rainforest sites had a closed canopy >25m in height and a 
high diversity of structural features, life-forms and tree species. The mixed species plantings were 
established by landholders or regional land care groups using a high diversity (20 species or more) of 
native tree seedlings with spacing in excess of 1000 stems per hectare and ongoing weeding until 
canopy closure (about 3-4 years) (landholders, personal communication); akin to the “environmental 
restoration plantings” described by Kanowski and Catterall (2010). Plantings were excluded from 
grazing since establishment and ranged in age from four years old to 34 years old, with a mean of 
approximately 17 years. 
The eight sites were fastidiously selected from a larger pool of candidate sites with the criteria 
of ensuring that plots in the contrasting land uses were very well matched within each site for aspect, 
slope, soil type to two metres depth, and land use history, which typically was at least 30 years of 
active pasture since original forest clearing. Pastures were fertilised upon establishment (landholders, 
personal communication), such that soils under pastures and plantations had some history of 
fertilisation. Across the study sites, elevation ranged from 600–1000 m, mean annual temperature 
minima and maxima ranged from 14.4°C to 15.6°C and 25.3°C to 26.0°C respectively, and mean 
annual precipitation ranged from approximately 1400 mm to 2000 mm (station numbers 031034, 
031193, 031029, 031184, 031183, Australian Bureau of Meteorology). The dominant soil types 
sampled were acidic Rhodic Ferralsols and Dystric Cambisols, with pH ranging from 4.2 to 6.5. 
 
Soil assessment 
For microbial analyses, topsoil cores were collected from nine evenly-spaced locations in each plot, 
which were subsequently pooled into three bulked samples per plot. These samples were kept field-
moist for two weeks to ameliorate confounding effects of labile C (Brackin et al., 2013) before 
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acclimation in soil microcosms for three days at 27°C, 90% humidity and 60% water holding capacity, 
in order to control for variations in soil microclimate conditions between land uses. This involved 40-
45 g soil placed unsieved into microcosms constructed from 50 mL centrifuge tubes (Inselsbacher et 
al., 2009) and incubated in the dark (Clayson Incubator, Clayson Laboratory Apparatus Pty Ltd, 
Narangba, QLD, Australia). 
Respiration was measured twice over two days in five microcosms for each treatment. Single 
wells (from a breakable 96-well plate) filled with cresol red indicator solution (Rowell, 1995) set in 
1% agar gel (Campbell et al., 2003) were attached with a reusable adhesive to the interior walls of 
the centrifuge tubes and the microcosms were sealed with rubber stoppers as per Brackin et al. (2013). 
After two hours the wells were removed, placed into the microtitre plate and absorbance read at 590 
nm (Powerwave XS Spectrophotometer, Bio-Tek, USA). Microcosms were harvested after 
respiration had been measured, involving hand sieving to 1.4 mm followed by analyses for enzyme 
activity, functional profile and phospholipid fatty acids (PLFA). Total enzyme activity was assessed 
in five soils for each land use replicate using the FDA (fluorescein diacetate) colourimetric assay 
(Adam and Duncan, 2001). Enzyme activity was divided by the mean of the respiration readings to 
calculate enzyme efficiency, a metric of microbial efficiency applied in various forms in the past 
(Fanin and Bertrand, 2016; Sinsabaugh et al., 2002; Wickings et al., 2012).  
Topsoil cores (0–10cm) were collected from 10 locations per plot, passed through a 2mm sieve, 
and analysed for total organic carbon (SOC) content using high temperature combustion (TruMac 
CN, LECO Corporation, St. Joseph, MI). Samples were first tested for presence of inorganic C (IC) 
using 1 M HCl, with any soil testing positive to presence of IC treated with H2SO3 prior to analysis 
of organic carbon content. Soil from the abovementioned microcosms was further sieved to a fine 
particle size (≤ 50 µm), representing the humus fraction proposed by Skjemstad et al. (2004). The 
procedure, outlined in Baldock et al. (2013), disperses 10 g sample using 5 g L-1 sodium 
hexametaphosphate solution, which is passed through a 50 µm sieve using an automated wet sieving 
system. The sample is lyophilised until completely dry, then finely ground using a using a Retsch 
MM400 Mixer Mill (RETSCH GmbH, Haan, Germany) to homogenise the sample. Total organic C 
content (HOC), δ13C, total N content, and δ15N were estimated on the humus fraction using isotope 
ratio mass spectrometry (IRMS) (Peri et al., 2012). HOC δ13C signatures allow estimation of HOC 
composition turnover under plantings, as lower values at a given age correspond to a faster 
replacement of C4 pasture-C with C3 tree-C (Jones et al., 2016). Coarse (particulate) organic C (POC) 
was determined as the difference between the total organic carbon content of the ≤ 2 mm soil and 
HOC. Both POC and HOC fractions determined this way are liable in general to include a “resistant”, 
fire-derived fraction (Baldock et al., 2013), but with the lack of fire history in the studied sites since 
plantation establishment, this fraction was unlikely to accumulate following reforestation and was not 
 50  
measured here. Soil bicarbonate-extractable P (‘Colwell-P’) was determined by method 9B2 of 
Rayment and Lyons (2011). 
Functional profiling of the microbial community was performed using the MicroResp system 
described by Campbell et al. (2003). This method examines only one metric of catabolic activity 
(respiratory responses to various substrates), so the extent to which it represents overall soil microbial 
function is unknown. It has nevertheless been successful as a quick method that catabolically 
distinguishes differing soil microbial communities. Briefly, sieved soil was added to deep-well 
microplates at a rate of approximately 300 mg per well, followed by addition of one of 15 organic 
substrates dissolved in distilled water along with a distilled water control. The substrate solutions 
were mixed such that the quantity of added C and water was consistent. The resultant CO2 production 
over 12 hours was quantified with cresol red indicator set in 1% agar gel in a 96-well plate, as outlined 
above. The substrates were sugars (glucose, fructose, sucrose), carboxylic acids (citric acid, α-keto-
butyric acid), phenolic acids (vanillic acid, syringic acid), amino acids (phenylalanine, tryptophan, 
asparagine, glutamine, glycine), a dipeptide (glycine-phenylalanine), an amino sugar (glucosamine) 
and phytic acid dipotassium salt. These substrates were chosen as water soluble, biologically relevant 
compounds that represent a range of chemical recalcitrance and nutrient content. Each substrate was 
added to six wells for six technical replicates. 
In order to evaluate soil microbial composition, PLFA analysis was performed as described 
previously (Bossio and Scow, 1998) on three pooled soil samples for each land use replicate. We used 
PLFA analysis rather than genomic methods in this experiment because we were interested in more 
quantitative assessment of relative biomass of groups rather than high taxonomic resolution. An index 
of bacterial biomass was estimated from fatty acids judged of bacterial origin (i15:0, a15:0, 15:0, 
i16:0, 16:1ω7, i17:0, a17:0, cy17:0, 17:0, 18:1ω7 and cy19:0) and 18:2ω6,9 was used to estimate an 
index of fungal biomass (Frostegard and Baath, 1996). Gram-positive bacterial biomass was 
estimated using the fatty acids i15:0, a15:0, i16:0, i17:0 and a17:0; gram-negative bacterial biomass 
were identified by the fatty acids 16:1ω7, 18:1ω7, cy17:0 and cy19:0 (Wilkinson et al., 2002). 
Actinomycete biomass was estimated with the fatty acid 10me18:0 (Frostegard et al., 1993). The sum 
of microbial PLFAs was used as an index of microbial biomass, which was then used to calculate the 
quotient of respiration (qCO2, the respiration-to-biomass ratio), and the ratio of microbial biomass to 
soil organic C (Cmic/Corg), both of which have been used as metrics of soil microbial health (Anderson, 
2003; Wardle and Ghani, 1995). 
 
 
‘ 
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Statistics 
All statistical analyses were performed using R, version 3.2.4 (http://www.r-project.org/), with the 
packages ‘ggplot2’, ‘multcomp’, ‘car’, ‘plyr’, ‘MuMIn’, and ‘vegan’ (Barton, 2016; Oksanen et al., 
2016).  
To adjust for differences in baseline respiration in the MicroResp responses, values obtained 
from wells with only water added were subtracted from all other values, and resultant values were 
divided by the sum of responses for the sample (Leff et al., 2012). Shannon’s diversity index was 
calculated from respiratory responses across the substrates using the equation ܧ = −∑ ݌௜ ln ݌௜௜ , 
where pi is the respiration induced by the i:th substrate expressed as a proportion of the sum of all 
respiration rates.  
Linear mixed-effects models, Analysis of Variance and Tukey’s honest significance test were 
used for model fitting and testing. Optimal model selection was performed computationally using the 
‘dredge’ function in the package ‘MuMIn’, which fits all possible models with all combinations of 
predictors and ranks them according to AICc (corrected Akaike Information Criterion). Only models 
passing diagnostic tests for heteroscedasticity, non-normality and outlier leverage were retained. 
Pairwise comparisons of treatments for significant differences were performed using Tukey’s honest 
significance test. Pearson’s product-moment correlation test was used to test suspected correlations 
between variables.  
Responses of variables across land uses were assessed with linear mixed-effects models with 
‘site’ as a random grouping variable. As the ‘planting’ land use was included in all models as 
intercept, errors for this land use were standard errors of the mean, while errors for the other two land 
uses were standard errors of the difference from the ‘planting’ land use. Error bars of ‘pasture’ or 
‘rainforest’ thus need only not overlap the mean value for ‘planting’ (rather than not overlap its error 
bars) to represent a significant difference of means. 
The correlation between the matrices representing soil microbial function (MicroResp 
responses) and composition (PLFA values) was tested in 15-dimensional space directly using 
ordination into orthogonal axes followed by the Procrustes superimposition permutation test, which 
has been shown to have greater power and applicability than the Mantel test (Guillot and Rousset, 
2013; Lisboa et al., 2014; Peres-Neto and Jackson, 2001). The choice of ordination was PCA 
(principal components analysis) after Hellinger transformation, because Hellinger distance is 
appropriate for this type of data, and Hellinger-transformed RDA (redundancy analysis) demonstrated 
the best explanatory power for constrained ordinations of this dataset (Legendre and Gallagher, 2001) 
when compared with Chord-transformed RDA or CCA (canonical correspondence analysis). 
Hellinger-transformed RDA with MicroResp data as response and PLFA data as constraining axes 
followed by a permutation significance test was used to corroborate Procrustes results. Similarly, 
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Hellinger-transformed data used in partial RDA ordinations, with ‘site’ as conditioning variable, 
allowed visualisation of land use effects on microbial function and composition, and permutation 
tests on these ordinations allowed evaluation of statistical significance. All permutation tests were 
performed with 9999 permutations. Variance partitioning (Borcard et al., 1992) was used for 
estimating relative soil organic C explanatory power of microbial function and composition combined 
(represented by matrices of the first four and five principal components from the abovementioned 
PCAs, respectively, together with enzyme efficiency), land use, and site. 
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Results  
 
Figure 1. Topsoil (0–10cm depth) carbon (C) characteristics of pasture, mixed species rainforest restoration plantings 
and reference rainforest sites in tropical north-eastern Australia. The first three panels depict organic C content (%) 
associated with (a) the sum of all organic forms of C present in ≤ 2 mm soil, which can also be represented as the sum of 
(b) the coarse (particulate) fraction (50–2000 µm particles), and (c) organic C associated with the fine (humus) fraction 
(≤ 50 µm particles). The fourth panel depicts (d) δ13C of humic organic C (‰) with particle size below 50 µm. Error bars 
for plantings represent standard error of the mean, while errors bars for the two other land uses represent standard errors 
of difference from revegetation (see statistics subsection of methods for more detail). Letters above bars represent Tukey’s 
significant differences. 
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Soil organic C (SOC) content was highest in remnant rainforest, lowest in pasture and intermediate 
in plantings (Figure 1a), which largely mimicked the pattern of particulate organic C (POC) (Figure 
1b). Humic organic C (HOC) content did not significantly vary between soils from pasture and mixed 
species plantings, but it was significantly higher in reference rainforest soil (Figure 1c). δ13C 
signatures of HOC revealed a significant turnover of HOC since establishment of plantings (Figure 
1d). Soil humic nitrogen content followed the same pattern as HOC (Figure 2a), while δ15N signatures 
of humic N was similar across land uses (data not shown). Extractable soil phosphorous was highest 
in pasture, intermediate in rainforest and lowest in plantings (Figure 2b). 
 
 
 
Figure 2. Soil (a) nitrogen in humic fraction (particle size ≤50 µm) and (b) Colwell-extractable phosphorous under 
pasture, mixed species plantings and reference rainforest sites in tropical north-eastern Australia. Error bars for plantings 
represent standard error of the mean, while errors bars for the two other land uses represent standard errors of difference 
from revegetation (see statistics subsection of methods for more detail). Letters above bars represent Tukey’s significant 
differences. 
 
Variance partitioning allows evaluation of relative contributions of predictors to a response variable 
and indicated that most of the variation in HOC across sites and land uses could be also explained by 
microbial composition and function (microbial traits) (Figure 3). Land use explained 25.8% of the 
variation in HOC, but of this only 6.5% was unique to this predictor, with the remaining 19.3% also 
explained by either site (9.3%) or microbial traits (10%). Similarly, 17% of the variation in HOC 
could be explained uniquely by site, whereas 52% of variation in HOC was explained equally by 
microbial traits and site, indicating substantial spatial variation in soil microbial traits associated with 
HOC cycling. 
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Figure 3. Variation partitioning Venn diagram depicting variation in soil humic organic C (HOC; organic C with particle size below 
50µm) explained by different land uses (old-growth forest, plantation, pasture; left circle), sites (sampling locations; right circle), and 
soil microbial function and composition combined (see earlier sections for detail; bottom circle). The sum of numbers in a circle 
represents the proportion of variation in HOC explained by that predictor; for example, 10+52+9.3 in the bottom circle indicates that 
71.3% of the variation in HOC can be explained by microbial traits. Numbers in overlapping areas represent variation explained by 
both predictors equally; 10% in the overlap between the bottom and left circles indicates that 10% of the variation in HOC is structured 
by both microbial traits and land use. Numbers outside of overlapping areas depict variation explained uniquely by a predictor; 6.5% 
in the left circle indicates that 6.5% of the variation in HOC is explained by land use independently of site and microbial traits. 
‘Residuals’ represents variation not explained by any of the predictors. Note, the explained variance does not sum to 100% as an 
artefact of the variance partitioning algorithm inherent to this analysis. 
 
Permutation tests of Hellinger-transformed partial redundancy analysis, controlling for random 
variation across sites, indicated that pasture, mixed species plantings and reference rainforest each 
had unique soil microbial function (P < 0.001) and composition (P = 0.001) (Figure 4). Microbial 
function and composition were significantly correlated across soils under the three land uses (P < 
0.001 from Procrustes superimposition test).  
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Figure 4. (a) Microbial composition (identified with PLFA analysis) and (b) microbial function (measured through 
substrate use and enzyme efficiency) as a function of three tropical land uses. See supplementary material for detailed 
PLFA and substrate use responses to land use. The axes are output from a Hellinger-transformed partial redundancy 
analysis, controlling for background variation across sites. Ellipses represent 95% confidence intervals for the mean. 
 
Although numerous rarefied microbial compositional and functional characteristics, including 
fungal/bacterial biomass ratio and Shannon’s functional diversity, were not detectably different 
across land uses, differences were detected with the ratio of gram-positive to gram-negative bacterial 
biomass and enzyme efficiency (microbial enzyme activity divided by respiration). Both indices 
showed the same signal as HOC, with significantly higher values in reference rainforest than in 
pastures and plantings, which in turn were indistinguishable (Figure 5). 
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Figure 5. (a) Soil microbial enzyme efficiency and (b) bacterial gram-positive to gram-negative biomass ratio across 
three tropical land uses in north-eastern Australia. Enzyme efficiency is the quotient of fluorescein diacetate hydrolysis 
(FDA-H per hour, a measure of total hydrolytic enzyme activity) and respiration (mg CO2-C per hour), and the ratio of 
gram-positive and gram-negative bacteria is calculated as a ratio of PLFA markers for each bacterial group. Error bars 
for revegetation represent standard error of the mean, while errors bars for the two other land uses represent standard 
errors of difference from revegetation (see statistics subsection of methods for more detail). Letters above bars represent 
Tukey’s significant differences. 
 
Discussion 
We compared soil organic C and microbial communities under rainforest restoration plantings with 
those under pasture, the land use preceding planting establishment, and rainforest, representing the 
theoretical endpoint of restoration. We found that stable (humic) SOC content (HOC) was unchanged 
after an average of 17 years of plantation presence and not tracking towards recovery to pre-clearing 
levels. Soil microbial enzyme efficiency, a measure of how much C is retained versus lost to 
respiration during microbial activity, displayed the same pattern as HOC, being similar in pasture and 
plantings but significantly greater in rainforest soil. While overall soil microbial composition and 
function were significantly changed by plantings, the changes were not convergent on those observed 
in rainforest. The results do not support the hypothesis that plantings rapidly induce a carbon cycle 
characterised by high microbial efficiency and associated accumulation of stable SOC in the form of 
HOC. We conclude that in this study, diverse restoration plantings with over 20 native tree species 
do not successfully restore soil function within the first two decades. 
The increase in total SOC with planting was entirely accounted for by changes in POC 
(particulate organic C). Because POC is considered a fast-turnover pool in contrast to more stable 
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HOC (Skjemstad et al., 2004; Stockmann et al., 2013), the SOC signal may be a poor reflection of 
long-term soil C sequestration outcomes with land use change. HOC δ13C signatures indicate that 
composition of HOC under plantings has changed, displaying an intermediate C4-C3 photosynthesis 
signal, yet total pool size remains unchanged. This points to a set of soil characteristics constraining 
HOC pool size, and that those characteristics would need to be restored before stable SOM can be 
restored. In our study, variation in HOC was explained better by soil microbial function and 
composition than by land use. In particular, specific components of microbial function and 
composition – enzyme efficiency and the ratio of gram-positive to gram-negative bacteria – closely 
reflected the pattern of HOC as both were enduring at pasture levels in soil under plantings and 
substantially below rainforest levels. These observations amount to a strong correlation between 
microbial traits and HOC, but causative associations between the two, if any, can only be speculated. 
If we speculate that the abovementioned constraint on HOC pool size is microbial, then recovery of 
soil fertility and structure through reforestation would depend in part upon restoration of the soil 
microbial community.  
A coupling between microbial enzyme efficiency and HOC coheres with mechanistic theory. 
As HOC seems to a large extent to be composed of microbial necromass and residues (Cotrufo et al., 
2013; Kallenbach et al., 2016), higher microbial efficiency is predicted to allow larger inputs to HOC 
for a given quantity of plant C input.  A mechanism for the ratio of gram-positive to gram-negative 
bacteria contributing to greater HOC is also readily available. Compiling data from 20 long-term field 
experiments, Schmidt et al. (2011) estimated mean soil residence time for gram-positive bacterial 
residues to be approximately 45 years, more than twice that of gram-negative bacteria and even lignin, 
both of which average about 20 years, and similar to the mean residence time of bulk SOM. Gram-
positive bacteria contain more peptidoglycan in their cell walls than gram-negative bacteria, a 
compound considered resistant to decomposition because of its complex structure and unusual amino 
acid composition (McCarthy et al., 1998; Strickland and Rousk, 2010). Peptidoglycan contains 
significant amounts of D-isomer amino acids, which are more stable in soil than their L-isomer 
counterparts (Vranova et al., 2012). Marine dissolved organic nitrogen appears to be largely derived 
from peptidoglycan, likely due to this stability (McCarthy et al., 1998). Observations that stable SOM 
has a high content of amino compounds (Knicker, 2011) may be partially explained by peptidoglycan 
and its stable isomers. 
Our results necessitate refinement of the working model of SOM formation summarised in the 
introduction. As stated above, the model contends that a high diversity of C substrates and minimal 
soil disturbance are likely to confer increases in SOM. These two conditions are met by the studied 
plantings. Indeed aboveground native woody plant richness of local plantings typically reach values 
similar to reference forest within 25 years (Shoo et al., 2016) and strict selection criteria in our study 
 59  
avoided sites with a history of tillage. Despite the theoretically optimised conditions, stable SOM did 
not measurably increase in the restoration plantings and enzyme efficiency was seemingly unchanged 
relative to baseline pasture. It is possible that limited floristic compositional convergence in the early 
decades of reforestation (Rodrigues et al., 2009; Shoo et al., 2016) may be a constraint to soil 
recovery. If, for example, belowground composition is closely connected with aboveground 
composition, and SOM formation in turn is closely tied to microbial composition, then restoring 
aboveground biomass and plant species richness may not be sufficient to restore soil. 
Microbial communities were not recovered after almost two decades of diverse tree cover in 
the humid tropics, a biome in which 20 years is considered a long rotation time for commercial 
plantations (Montagnini and Porras, 1998). These findings are novel for tropical restoration plantings, 
but similar to previous studies in temperate systems demonstrating that soil microbial characteristics 
show signals of previous land use decades after ecosystem restoration (Fichtner et al., 2014; 
Fraterrigo et al., 2006). Conceivably, recovery of the soil microbial community might be limited in 
at least two ways: (1) indirectly through deficiencies in the ecological conditions provided by 
plantings; or (2) directly via barriers to dispersal that hinder assembly of a microbial community 
characteristic of reference forest.  
Two types of interventions might be suggested if recovery of soil microbes is a prerequisite for 
soil restoration. These are conceptually analogous to prebiotics (beneficial substrates) and probiotics 
(beneficial microbes), respectively, used for manipulating mammalian gut systems. First, the 
reinstatement of ecological conditions (i.e. diverse litter substrates) that allow the desired microbial 
community to form through competitive forces might best be achieved by restoring aboveground 
composition of forest (i.e. full complement of plant species). Previous work in the study region and 
elsewhere shows that restoration plantings beget rapid recovery of aboveground structure and 
diversity, but sluggish compositional recovery (Rodrigues et al., 2009; Shoo et al., 2016). This is 
underpinned by slow recovery of a predictable set of recruiting plant species as well as 
overrepresentation of other species in plantings. These deficiencies and biases could be addressed 
through improved selection of species for initial planting or later enrichment. Second, direct 
inoculation with desired microbes, driving microbial community re-composition could be used to 
overcome barriers to dispersal. The effectiveness of soil microbial inoculation, much like that of 
probiotics, remains unresolved (Aureli et al., 2011; Sun et al., 2014). Soil transplant and inoculation 
experiments aimed at accelerating microbial recovery have so far seen mixed results (Calderón et al., 
2016; Requena et al., 2001; Wubs et al., 2016; Yergeau et al., 2015), but such experiments remain 
rare. Wubs et al. (2016) found that soil inoculations had strong effects on trajectories of plant 
community recovery, suggesting that potential feedback cycles between aboveground composition 
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and belowground composition may further complicate restoration efforts. This is a direction of study 
warranting more research.  
We focus on biological aspects of SOM recovery with reforestation, but physical and chemical 
aspects deserve attention. Soil texture and concentrations of reactive silicates, polyvalent cations, and 
metal oxides and ions constrain SOM formation (Cotrufo et al., 2013; Feller and Beare, 1997; Lutzow 
et al., 2006). Although these factors are not strongly affected by land use change (Chen et al., 2013), 
they may furnish a soil with an upper limit of SOM concentration or alter the SOM response to litter 
quality (Castellano et al., 2015; Feller and Beare, 1997). In our study background variance in soil 
chemistry and physics was largely accounted for by site selection, but soil restoration efforts ideally 
need to consider them in advance of commencing intervention. 
Our study presents a well-controlled comparison of tropical soil responses to reforestation. We 
conclude that the simple reestablishment of aboveground structure through reforestation is unlikely 
to be sufficient for belowground ecosystem restoration within two decades, which in turn may be 
necessary for full recovery of many of the ecosystem services sought from forests, such as flood 
mitigation and C sequestration. Strategies should be developed that accelerate soil microbial recovery 
as a priority in building a toolkit to achieve holistic forest ecosystem restoration. The apparently 
substantial time-lag for aboveground and belowground recovery following forest re-establishment 
further dissuades clearing of old-growth forest, as even high cost ecological restoration plantations 
are unlikely to wholly recover ecosystem functioning on a decadal timescale. 
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Supplementary material 
 
Table S1. Substrate use profiles of soils from the three land uses in this study. The means were 
adjusted by subtracting water-induced respiration and expressing values as fractions of summed 
respiration across all substrates. 
Land use Compound Mean adjusted value Standard error 
Restoration planting a.keto.butyric.acid 0.057468677 0.00400254 
Restoration planting asparagine 0.130182667 0.009776076 
Restoration planting citric.acid 0.095028966 0.004910481 
Restoration planting fructose 0.110099274 0.003907902 
Restoration planting glucosamine 0.013339631 0.001652116 
Restoration planting glucose 0.103937521 0.007688383 
Restoration planting glutamine 0.098672575 0.00584793 
Restoration planting gly.phe 0.055985952 0.003162723 
Restoration planting glycine 0.039655173 0.003608675 
Restoration planting phenylalanine 0.047633505 0.003144678 
Restoration planting phytic.acid 0.040067194 0.002861386 
Restoration planting sucrose 0.105035109 0.004466602 
Restoration planting syringic.acid 0.022596747 0.002666613 
Restoration planting tryptophan 0.052127507 0.002208437 
Restoration planting vanillic.acid 0.028169503 0.002572919 
Pasture a.keto.butyric.acid 0.070942932 0.005361287 
Pasture asparagine 0.124611337 0.008911534 
Pasture citric.acid 0.087531185 0.008342977 
Pasture fructose 0.098286326 0.007585087 
Pasture glucosamine 0.013504943 0.002125017 
Pasture glucose 0.101630959 0.01053064 
Pasture glutamine 0.13194319 0.009717137 
Pasture gly.phe 0.04757193 0.002990846 
Pasture glycine 0.039917375 0.002741408 
Pasture phenylalanine 0.041111911 0.003948259 
Pasture phytic.acid 0.036334627 0.002287526 
Pasture sucrose 0.083973565 0.003481072 
Pasture syringic.acid 0.04240007 0.007190588 
Pasture tryptophan 0.046234605 0.002861719 
Pasture vanillic.acid 0.034005043 0.002480649 
Remnant rainforest a.keto.butyric.acid 0.098502508 0.013542445 
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Remnant rainforest asparagine 0.093260501 0.010267778 
Remnant rainforest citric.acid 0.088909057 0.005137784 
Remnant rainforest fructose 0.106819345 0.011675114 
Remnant rainforest glucosamine 0.012077688 0.003558868 
Remnant rainforest glucose 0.11722491 0.010707535 
Remnant rainforest glutamine 0.096598346 0.005140532 
Remnant rainforest gly.phe 0.044158763 0.005446491 
Remnant rainforest glycine 0.03717212 0.003414755 
Remnant rainforest phenylalanine 0.031758014 0.002970571 
Remnant rainforest phytic.acid 0.043165832 0.009382156 
Remnant rainforest sucrose 0.11285627 0.00906906 
Remnant rainforest syringic.acid 0.039336828 0.002675871 
Remnant rainforest tryptophan 0.039805609 0.002818698 
Remnant rainforest vanillic.acid 0.038354208 0.003022022 
 
  
 69  
Table S2. Phospholipid fatty acid profiles of soils from the three land uses in this study. 
Land use Fatty acid Mean (nmol PLFA / g soil) Standard error 
Restoration planting X15.0.anteiso 1.803362845 0.119147296 
Restoration planting X15.0.iso 3.394688822 0.191717316 
Restoration planting X15.00 0.303403243 0.021482896 
Restoration planting X16.0.iso 2.111848544 0.130754192 
Restoration planting X16.1.w5c 1.258775814 0.092236803 
Restoration planting X17.0.anteiso 0.98893221 0.055600841 
Restoration planting X17.0.cyclo 0.718291624 0.04021704 
Restoration planting X17.0.iso 1.230069212 0.073886892 
Restoration planting X17.00 0.230076696 0.015748805 
Restoration planting X18.0.10.methyl 1.043272088 0.073681064 
Restoration planting X18.1.w7c.11.methyl 0.415247326 0.029940722 
Restoration planting X18.1.w9c 2.496049499 0.202175412 
Restoration planting X19.0.cyclo.w8c 5.048674617 0.370130141 
Restoration planting X16.1.w7c/16.1.w6c 1.124755916 0.073815205 
Restoration planting X18.2.w6 0.498361112 0.052814075 
Pasture X15.0.anteiso 1.693172022 0.153984819 
Pasture X15.0.iso 3.473298269 0.317231426 
Pasture X15.00 0.310960146 0.023202669 
Pasture X16.0.iso 2.13500696 0.104424507 
Pasture X16.1.w5c 1.095321831 0.078138911 
Pasture X17.0.anteiso 0.91329456 0.050159491 
Pasture X17.0.cyclo 0.760909571 0.051667797 
Pasture X17.0.iso 1.193397692 0.080285071 
Pasture X17.00 0.217366603 0.018988501 
Pasture X18.0.10.methyl 1.05223486 0.097156981 
Pasture X18.1.w7c.11.methyl 0.386944853 0.037838757 
Pasture X18.1.w9c 2.524163504 0.245659136 
Pasture X19.0.cyclo.w8c 5.616036603 0.803417903 
Pasture X16.1.w7c/16.1.w6c 1.091518962 0.077513761 
Pasture X18.2.w6 0.475895698 0.044276485 
Remnant rainforest X15.0.anteiso 1.897869571 0.222362887 
Remnant rainforest X15.0.iso 3.416665789 0.278429015 
Remnant rainforest X15.00 0.353538655 0.048373491 
Remnant rainforest X16.0.iso 2.225638914 0.164117162 
Remnant rainforest X16.1.w5c 1.197504765 0.114989794 
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Remnant rainforest X17.0.anteiso 1.134057788 0.087863305 
Remnant rainforest X17.0.cyclo 0.747438895 0.085807209 
Remnant rainforest X17.0.iso 1.27664855 0.096558325 
Remnant rainforest X17.00 0.264341065 0.032666918 
Remnant rainforest X18.0.10.methyl 1.278026859 0.19852083 
Remnant rainforest X18.1.w7c.11.methyl 0.404898691 0.069112988 
Remnant rainforest X18.1.w9c 3.186054941 0.66151113 
Remnant rainforest X19.0.cyclo.w8c 4.711231024 0.947838374 
Remnant rainforest X16.1.w7c/16.1.w6c 0.983899846 0.094706225 
Remnant rainforest X18.2.w6 0.540740791 0.130830015 
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Abstract 
Soil organic carbon (SOC) supports essential functions in terrestrial biomes and global 
biogeochemical cycles, and tropical tree plantations are often called upon to reverse deforestation-
induced SOC loss. Yet the comparative efficacy of different plantation types and associated drivers 
of SOC restoration remains unclear. Theory suggests that higher chemical and spatial heterogeneity 
of plant litter should promote greater efficiency of soil microbial communities involved in SOC 
formation, so we hypothesised that more species-diverse tree plantations should be more effective in 
accelerating recovery of SOC. To test this, we compared developmental recovery of SOC and soil 
microbial communities between monoculture (Swietenia macrophylla, mahogany) and highly diverse 
and mostly native species plantations (circa 100 species, termed “rainforestation”). Neither of the 
plantation types, which were aged 15 to 20 years, restored SOC or the soil microbial community to 
more than 20-30% of reference forest levels (selectively logged old-growth rainforest). Mahogany 
plantations restored SOC (10 to 50 cm depth) and soil microbial function more effectively than 
rainforestation, contrary to our hypothesis, while the latter more effectively restored soil microbial 
composition and the vegetation understory. Soil microbial composition at all plantation sites was 
correlated with plant composition and functional traits, and better explained SOC variation than land 
use. In particular, soil fungal biomass displayed a strong positive correlation with topsoil SOC. The 
results suggest that belowground restoration with tropical reforestation is slow relative to typical 
plantation rotation times (15-20 years). We conclude that reliable and rapid restoration of soil may 
depend on interventions both above- and belowground to re-instate the soil microbial community, 
and this may require careful selection of plant species in combination with microbial inoculations. 
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Introduction 
Ecosystem services such as carbon sequestration, flood mitigation and nutrient retention depend 
critically upon soil organic matter. Soil organic matter, largely composed of soil organic carbon 
(SOC), is crucial in highly-weathered tropical soils, conferring much of their physical, chemical and 
biological properties (Feller and Beare, 1997). In ancient tropical soils with limited presence of active 
clay minerals, SOC fortifies most of the physical and chemical soil characteristics beneficial to plant 
growth, including pH modulation and cation/anion exchange, water- and nutrient-holding capacities 
(Smith et al., 1999). Land-clearing and soil disturbance typically catalyse SOC loss (Post and Kwon, 
2000), which begets carbon emissions, nutrient leaching, loss of soil physical, chemical and biological 
functions, in turn limiting plant growth and net primary productivity, with follow-on effects of 
degraded landscapes such as flood exacerbation (Bruijnzeel, 2004; Smith et al., 1999). Returning 
SOC to degraded tropical landscapes is integral to restoring soil function, ecosystem productivity, 
and associated ecosystem services. Reversal of degradation stemming from land-clearing would 
intuitively be accomplished through forest restoration, but results to date present no clear pattern of 
efficacy in the short term (reviewed by Marín-Spiotta and Sharma, 2013).  
Characterisation of the soil microbial community may present an early means to quantify the 
trajectory and effectiveness of forest restoration for recovering SOC. While soil microbes are the 
principal agents of SOC decomposition, they also seem to be the dominant source of SOC (Cotrufo 
et al., 2013; Grandy and Neff, 2008; Kallenbach et al., 2016; Miltner et al., 2012, 2009). A likely 
constraint on SOC formation potential is the efficiency with which soil microbes incorporate plant 
matter into their biomass, metabolites and exudates (Cotrufo et al., 2013). In addition, it appears that 
soil fungi contribute more to SOC formation than bacteria (Jastrow et al., 2007; Six et al., 2006). 
Studies in agroecosystems generally find higher SOC levels to be associated with fungi-dominated 
microbial communities (reviewed by Six et al. 2006). Soil fungi seem critical for the physical 
protection of soil C, as soil aggregation and aggregate stability appear to be predominantly mediated 
by fungi (Bossuyt et al., 2001; Caesar-tonthat, 2002). Another potentially integral role of fungi for 
SOC generation is that fungal necromass seems more resistant to decomposition than bacterial 
necromass (Guggenberger et al., 1999; Holland and Coleman, 1987; Rillig et al., 2007; Six et al., 
2006). In particular, soil fungi synthesise extremely stable proteins and melanins, both of which bear 
strong chemical resemblance with components of stable SOC (Knicker, 2011; Paim and Linhares, 
1990). Taken together, the above suggests that SOC increases when plant residues (i) provide an 
abundance of high-quality substrate that can be efficiently metabolised into microbial biomass, and 
(ii) are sufficiently heterogeneous chemically and spatially to promote an efficient microbial 
community (Amin et al., 2014; Fanin and Bertrand, 2016) that is likely dominated by fungi, whose 
typically mycelial growth form and broad enzymatic spectrum is advantageous for accessing 
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recalcitrant substrate and homogenising resources (De Boer et al., 2005; Strickland and Rousk, 2010).  
According to this theoretical framework, increased chemical and spatial heterogeneity of plant 
litter under higher diversity tree plantings ought to benefit SOC recovery. Indeed, some mixed 
plantings or secondary forests outperform monocultures for SOC restoration (Behera and Sahani, 
2003; Li et al., 2005; Sang et al., 2012), but explicit examination of causalities is limited, and 
empirical studies of microbial community traits under tropical plantations of contrasting floristic 
compositions are rare.  
In this study, we examined the responses of soil microbial communities and SOC to the 
establishment of monoculture plantations and high-diversity mixed-species plantations in the 
Philippines, addressing in particular the paucity of empirical data on soil microbial restoration. We 
hypothesised that the early decades of reforestation will increase SOC levels, with this change 
reflected in early increases in soil fungi : bacteria biomass ratio, and that mixed-species plantations 
will recover SOC alongside soil microbial function and composition more effectively than 
monocultures. 
 
Methods 
Site description 
The study was performed on tree plantations located in the central-western region of Leyte Island in 
the Philippines. Leyte lies at the eastern side of the central Philippines, within the Eastern Visayas 
region, spanning the north latitudes 9°55' and 10°48' and east longitudes 124°17' and 125°18'. The 
island has an equatorial climate, with mean annual temperatures at sea level ranging from 26°C to 
29°C and mean annual precipitation between 2700 and 4000 mm (Nguyen et al., 2012). A brief dry 
season occurs from March to May. Leyte Island is traversed from north to south by a geologically 
young mountain range running atop the Philippines Fault Line. The major soil geologies of central-
western Leyte are basalt and limestone, giving rise to the Maasin clay (Typic Paleudults) and Lugo 
clay (Typic Eutrudepts) soil types (Carating et al., 2014) with mean pH in our samples of 5.1 and 5.9 
respectively, both in the clay textural class.  
 
Study design  
We evaluated a site network composed of two reference conditions (10 sites in coconut-grassland 
mixed land use and 5 sites in selectively logged native forest) and two plantation types (5 sites in 
monoculture plantations 15-20 years old and 5 sites in high diversity mixed-species plantings 17-19 
years old) (Figure 1; Table S1). The monoculture plantations (hereafter “mahogany”) were planted 
with Swietenia macrophylla King (Meliaceae), and the high-diversity mixed-species plantations 
(hereafter “rainforestation”) were planted with circa 100 seedling species, most of them native, 
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including Dipterocarpaceae trees (Nguyen et al., 2012). As reference for planting intervention, the 
plantations were sampled alongside pairwise matched grassland sites with sparse coconut palm 
(Cocos nucifera L., Arecaceae) overstory, each situated within 100 m of their plantation counterpart 
and with similar aspect and slope.  As a reference for well-developed forest with minimal soil 
disturbance, sites located in regenerating selectively logged native rainforest with no recent history 
of clear-felling were sampled. All sites were between 0.1 and 1 hectare in area. Two mahogany 
plantation sites and one of the rainforestation sites were situated on limestone-derived soils (Lugo 
clay, a.k.a. Typic Eutrudepts), all others were on basalt substrates (Maasin clay, a.k.a. Typic 
Paleudults). In total, 25 sites were sampled, distributed across 15 locations spanning approximately 
100 km from north to south, each at least 2 km from its nearest neighbour, with sufficient interspersion 
among plantation types to mitigate spatial autocorrelation effects (Wills et al., 2016).  
 
 
Figure 1. The four land uses in eastern Philippines examined in this study: (a) mahogany monoculture plantation, (b) 
“rainforestation” mixed species plantation, (c) coconut-grassland land use adjacent to plantations, and (d) regenerating 
selectively logged rainforest. 
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Understory plant community  
For a subset of sites (4 of 5 sites for each of mahogany and rainforestation plantations and all 5 
reference forest sites), understory plant traits were also assessed as described by Wills et al. (2016), 
using methods based on those established by Herbohn et al. (2014). Briefly, between two and four 
circular plots were established per site, with a five metre radius (78 m2) extending from the centre 
point. Position and number of plots per site varied depending on forest size and shape, in order to 
prevent edge effects. All plants less than two metres in height were sampled. Plants were identified 
to species level by local botanists from Visayas State University.  
Continuous measures of functional traits including Specific Leaf Area (cm2/g), Leaf Nitrogen 
Concentrations (LNC, % dry leaf mass) and Leaf Phosphorus Concentrations (LPC, % dry leaf mass), 
were collected following standard protocols (Pérez-Harguindeguy et al., 2013). LNC and LPC were 
determined using a single digestion method, which used a colorimetric determination of LNC, using 
the salicylate-hypochlorite method (Baethgen and Alley, 1989), and LPC using an adaptation of a 
single solution method (Anderson and Ingram, 1989) used by Murphy and Riley (1962). Discrete 
traits including dispersal type (animal, wind, water, gravity propulsion, or multiple types), fruit type 
(achene, berry, capsule, drupe, follicle, legume, nutlet, samara, cone or syncarp), fruit size and seed 
size were sourced from books, literature and databases. Fruit and seed sizes were coded, with fruit 
size dimensions of 1 = “<2mm x <2mm”, 2 = “2-5mm x 2-5mm”, 3 = “6-15mm x 6-15mm”, 4 = “16-
25mm x 16-25mm”, 5 = “26-100mm x 26-100mm”, 6 = “>100mm in any dimension”; and seed size 
dimensions of 1 = “0-1mm x 0-1mm”, 2 = “1.1-3mm x 1.1-3mm”, 3 = “4-8mm x 4-8mm”, 4 = “9-
12mm x 9-12mm”, 5 = “>13mm in any dimension”.         
 
Soil sampling 
Soils were collected over three weeks in April of 2015. In each site (land use type), plots were 
established with the goal of maximizing the sampled area without incurring edge effects of 
neighboring land uses. Nine sampling points were then measured to include a central point, four edge 
points halfway between the central point and plot borders along lines parallel and orthogonal to the 
slope, and four points pairwise equidistant between the edge points. Topsoil cores were collected at 
all nine points. Soil samples were collected with a hand auger at 0-10 cm, 20-30 cm and 40-50 cm 
depth from the central location and four edge points. 
 
Soil chemical analysis 
The total organic carbon (C) of soils sampled from all depths in each site was quantified at the ACIAR 
analytical laboratory at Visayas State University in the Philippines using Heane’s method (Heanes, 
1984). Total nitrogen (N) and phosphorus (P) were determined by digesting soil samples with 
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Kjeldahl digestions, where concentrations of N in digests were quantified following the method 
described by Baethgen and Alley (1989), and P concentrations were determined using the method 
described by Murphy and Riley (1962). Soil pH was determined potentiometrically with water as 
dilutant using a pH meter. 
 
Soil microbial analysis 
Nine topsoil samples (0-10 cm) from each site were pooled into five bulked samples per site. These 
samples were kept field-moist for one week to ameliorate confounding effects of labile C (Brackin et 
al., 2013) before acclimation in soil microcosms for six days under standardised conditions at 27°C, 
80% humidity and 60% water holding capacity. This involved placing 40-45 g unsieved soil into 
microcosms constructed out of 50 mL centrifuge tubes (Inselsbacher et al., 2009) followed by 
incubation in the dark. 
Respiration was measured thrice over three days in five microcosms for each land use replicate. 
Single wells (from a breakable 96-well plate) filled with cresol red indicator solution (Rowell, 1995) 
set in 1% agar gel (Campbell et al., 2003) were attached with a reusable adhesive to the interior walls 
of the centrifuge tubes and the microcosms were sealed with rubber stoppers as per Brackin et al. 
(2013). After two hours the wells were removed, placed into the microtitre plate and absorbance read 
at 590 nm (Spectramax Plus 384, Molecular Devices, San Francisco, CA, USA). Microcosms were 
harvested after respiration had been measured, involving hand sieving to 2 mm followed by analyses 
for enzyme activity, functional profile and phospholipid fatty acids (PLFA). Total enzyme activity 
was assessed in four soils for each land use replicate using the fluorescein diacetate (FDA) 
colorimetric assay (Adam and Duncan, 2001). Enzyme activity was divided by the mean of the 
respiration readings to calculate enzyme efficiency, a metric of microbial efficiency applied in various 
forms (Fanin and Bertrand, 2016; Sinsabaugh et al., 2002; Wickings et al., 2012).  
Functional profiling of the microbial community was performed using the MicroResp system 
described by Campbell et al. (2003). This method examines only one metric of catabolic activity 
(respiratory responses to various substrates), so the extent to which it represents overall soil microbial 
function is unknown. It has nevertheless been successful as a quick method that catabolically 
distinguishes differing soil microbial communities. Briefly, sieved soil was added to deep-well 
microplates at a rate of approximately 300 mg per well, followed by addition of one of 15 organic 
substrates dissolved in distilled water along with a distilled water control. The substrate solutions 
were mixed such that the quantity of added C and water was consistent. The resultant CO2 production 
over 12 hours was quantified with cresol red indicator set in 1% agar gel in a 96-well plate, as outlined 
above. The substrates were sugars (glucose, fructose, sucrose), carboxylic acids (citric acid, malic 
acid), phenolic acids (vanillic acid, syringic acid), amino acids (phenylalanine, tryptophan, arginine, 
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glutamine, glycine, lysine), an amino sugar (glucosamine) and phytic acid dipotassium salt. These 
substrates were chosen as water soluble, biologically relevant compounds that represent a range of 
chemical recalcitrance and nutrient content. Each substrate was added to three wells for three 
technical replicates. 
In order to evaluate soil microbial composition, PLFA analysis was performed as described 
previously (Bossio and Scow, 1998) on three pooled soil samples for each land use replicate. We used 
PLFA analysis rather than genomic methods in this experiment because we were interested in more 
quantitative assessment of relative biomass of groups rather than high taxonomic resolution. An index 
of bacterial biomass was estimated from fatty acids judged of bacterial origin (i15:0, a15:0, 15:0, 
i16:0, 16:1ω7, i17:0, a17:0, cy17:0, 17:0, 18:1ω7 and cy19:0) and 18:2ω6,9 was used to estimate an 
index of fungal biomass (Frostegard and Baath, 1996). Gram positive bacterial biomass was estimated 
using the fatty acids i15:0, a15:0, i16:0, i17:0 and a17:0; gram negative bacterial biomass was 
identified by the fatty acids 16:1ω7, 18:1ω7, cy17:0 and cy19:0 (Wilkinson et al., 2002). The sum of 
microbial PLFAs was used as an index of microbial biomass, which was then used to calculate the 
quotient of respiration (qCO2, the respiration-to-biomass ratio), and the ratio of microbial biomass to 
soil organic C (Cmic/Corg), both of which have been used as metrics of soil microbial health (Anderson, 
2003; Wardle and Ghani, 1995). 
 
Statistics 
All analyses were performed using R, version 3.2.4 (http://www.r-project.org/), with the packages 
‘lme4’, ‘ggplot2’, ‘multcomp’, ‘lsmeans’, ‘MuMIn’, ‘lavaan’, and ‘vegan’ (Barton, 2016; Bates et 
al., 2015; Hothorn et al., 2008; Lenth, 2016; Oksanen et al., 2016; Rosseel, 2012; Wickham, 2009).  
To adjust for differences in baseline respiration in the MicroResp responses, values obtained 
from wells with only water added were subtracted from all other values, and resultant values were 
divided by the sum of responses for the sample (Leff et al., 2012). Shannon’s diversity index was 
calculated from respiratory responses across the substrates using the equation ܧ = −∑ ݌௜ ln ݌௜௜ , 
where pi is the respiration induced by the i:th substrate expressed as a proportion of the sum of all 
respiration rates.  
PERMANOVA (function ‘adonis’ in R package ‘vegan’), linear mixed-effects models, and 
Tukey’s honest significance test were used for model fitting and testing. Optimal model selection was 
performed computationally using the ‘dredge’ function in the package ‘MuMIn’, which fits all 
possible models with all combinations of predictors and ranks them according to AICc (corrected 
Akaike Information Criterion). Only models passing diagnostic tests for heteroscedasticity, non-
normality and outlier leverage were retained. Pairwise comparisons of treatments for significant 
differences were performed using Tukey’s honest significance test.  
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The correlation between the matrices representing soil microbial function (MicroResp 
responses, FDA enzyme activity and mean respiration) and composition (PLFA values) was tested in 
15-dimensional space using ordination into orthogonal axes followed by the Procrustes 
superimposition permutation test with 9999 permutations, which has been shown to have greater 
power and applicability than the Mantel test (Guillot and Rousset, 2013; Lisboa et al., 2014; Peres-
Neto and Jackson, 2001). The choice of ordination for microbial characteristics was PCA (principal 
components analysis) after Chord transformation, because Chord distance is appropriate for this type 
of data, and Chord-transformed RDA (redundancy analysis) demonstrated the best explanatory power 
for constrained ordinations of this dataset (Legendre and Gallagher, 2001) when compared with 
Hellinger-transformed RDA or CCA (canonical correspondence analysis). Hellinger-transformed 
PCA (the distance metric was chosen as above) of the matrices of plant species composition (species 
counts) and plant functional composition (SLA, LNC, LPC, counts of plants with each type of 
dispersal method, fruit type, seed and fruit size classes) allowed Procrustes tests with 9999 
permutations in 15 dimensions of correlations between aboveground and belowground composition 
and function. Two dimensional non-metric Multidimensional Scaling (NMDS) using Chord distance 
facilitated visualisation of land use effects on soil microbial function and composition. Plant 
taxonomic and functional composition were visualised with NMDS using Hellinger distance. Chord-
transformed RDA with MicroResp data, enzyme activity and respiration as response and the first four 
principal components of Chord ordinated PLFA data as constraining axes followed by a permutation 
significance test was used to corroborate the Procrustes test for correlation between soil microbial 
composition and function. Similarly, Chord-transformed data used in partial RDA ordinations, with 
‘soil geology’ (basalt or limestone) and ‘site’ as conditioning variables followed by permutation tests 
with 9999 permutations allowed evaluation of statistical significance of land use effects on microbial 
composition and function.  
Variance partitioning was used for estimating relative explanatory power of microbial function 
and composition (each represented by a matrix of the first three principal components from the 
abovementioned PCA, representing ~90% variation in each), and land use on soil organic C. 
Similarly, structural equation modelling (function ‘sem’ in R package ‘lavaan’) was used to analyse 
data error structure for indications of direct and indirect effects of land use on SOC. Only models 
with at most nine parameters (with 75 observations available for many variables) could reliably be 
fitted, so this analysis was applied as an adjunct to computational model selection, using variables 
already found important in this prior analysis. Where the assumption of multivariate normality was 
violated, robust maximum likelihood estimation of standard errors and test statistics was used, with 
Satorra-Bentley scaling. Only models with a robust Comparative Fit Index above 0.95 and robust 
Root Mean Square Error of Approximation not significantly higher than 0.05 were considered. 
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Results 
Soil organic matter 
A linear mixed effects model partitioning out background variation across sites and soil geologies 
revealed that land use had a significant effect on mean SOC over all three sampled depths extending 
to 50 cm (P < 0.001). Regenerating selectively logged forests had the highest mean SOC, while both 
mahogany plantations and rainforestation plantations appeared to induce a nonsignificant increase in 
SOC compared with their baseline grassland reference sites (Figure 2). Baseline grassland sites 
matched with mahogany plantations appeared to have higher SOC than those matched with 
rainforestation plantations (Figure 2). Soil N exhibited the same pattern across land uses as SOC, as 
did soil pH, while C/N ratio and total soil P did not differ significantly (Table 1). Standing leaf litter 
was significantly increased in both types of plantation compared with their paired grassland reference 
sites, and did not significantly differ between plantation land uses, but reference rainforest standing 
litter was significantly higher than in rainforestation (Table 1). 
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Figure 2. Mean SOC concentrations in the top 50 cm of soil, predicted (adjusted for random background variation) by linear mixed 
effects models where ‘soil geology’ (basalt or limestone) and ‘site’ are random grouping variables, under two types of plantation and 
their adjacent reference grassland-coconut land use (representing baseline land use prior to plantation establishment), as well as 
regenerating, selectively logged native forest with no recent history of clear-felling, on Leyte Island, Philippines. Mahogany plantations 
were established as monocultures of Swietenia macrophylla, “rainforestation plantations” were established as high-diversity mixtures. 
Error bars represent standard errors, and letters are from Tukey pairwise comparisons (distinct letters indicate distinct means). 
 Table 1. Raw means and standard errors of chemical characteristics of the top 50 cm of soil and dry weight of standing leaf litter stock under 
five tropical land uses in the Philippines. Letters in superscript are derived from Tukey post-hoc comparisons from mixed effects models (with 
soil geology and site as random grouping variables), and distinct letters within a row indicate distinct means. 
 
Mahogany-
matched 
grassland 
Mahogany 
plantation 
Rainforestation-
matched 
grassland 
Rainforestation 
plantation 
Selectively-
logged rainforest 
C/N ratio 15.0±2.3A 15.5±2.3A 12.0±1.1A 11.5±1.0A 14.4±1.6A 
Total N (%) 0.16±0.02AB 0.22±0.03AB 0.18±0.02A 0.22±0.02A 0.25±0.04B 
Total P (‰) 0.69±0.1A 0.80±0.1A 0.65±0.1A 0.64±0.1A 0.59±0.1A 
pH 5.6±0.3AB 5.7±0.3AB 5.0±0.1A 5.0±0.1A 5.3±0.1B 
Litter (g DW m-2) 32.4±5.5AB 523.3±76.6CD 67.3±16.5A 208.9±31.6BC 400.8±50.1D 
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Relative importance of land use versus rarefied microbial composition and functional metrics (such 
as enzyme efficiency and the ratio of fungal biomass to bacterial biomass) as predictors for SOC were 
compared by computationally ranking linear mixed effects models. The optimal model out of these 
varied with depth (Table 2). The optimal model for topsoil organic C (0-10 cm) included only fungal 
biomass (P < 0.001) and gram-positive : gram-negative bacterial biomass ratio (P < 0.01) with 
positive and negative coefficients respectively. Fungal biomass followed an identical pattern across 
land uses as SOC, and bacterial gram ratio appeared to track towards reference rainforest levels with 
reforestation (Figure S1). SOC concentrations at greater depths (20-30 cm and 40-50 cm) as well as 
mean SOC concentration down to 50 cm were best predicted solely by land use (P < 0.001). At all 
depths, standing litter stock was the poorest predictor of SOC, although it was a statistically 
significant predictor when included alone. When the same analysis was performed on the subset of 
data without regenerating selectively logged forest, fungal biomass was the best predictor of SOC 
overall and at 40-50 cm depth, and no predictor improved on the null model (only intercept) for SOC 
at 20-30 cm depth, indicating that error was overpowering statistical power. Structural equation 
modelling suggested that a substantial part of land use effects on SOC to 50 cm may be indirect, 
perhaps occurring, among other avenues, via changes in fungal biomass and gram-positive : gram-
negative bacterial biomass ratio (Figure 3). Similarly, variance partitioning indicated that only 0.65% 
of the variance in SOC was uniquely explained by land use once soil microbial composition and 
function were accounted for, and microbial composition explained more variation in SOC than land 
use (Figure S2). 
Topsoil pH and mean SOC to 50 cm were strongly correlated, but fungal biomass was not 
significantly correlated with pH when background variation across sites and soil geologies was 
accounted for, indicating that fungal biomass variation across land uses was not simply a result of pH 
variation in turn resulting from SOC variation. 
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Table 2. Rankings of importance of top five univariate predictors for SOC (soil organic C) at each depth, from AICc (corrected Akaike 
Information Criterion) comparisons of all linear mixed-effects models with all combinations of ten possible predictors (the six listed in 
the table and four not in the top five at any depth: total microbial biomass, gram-positive bacterial biomass, microbial enzyme efficiency 
and standing leaf litter stock). ‘Soil geology’ (basalt or limestone) and ‘site’ were included as random grouping variables in all models. 
‘Akaike weight’ of a predictor is calculated from the number of models in which it is included and their AICc weights. ‘Correlation’ refers 
to the sign and significance of correlation between predictors and response from a Pearson’s product-moment test, and the rightmost 
column shows which predictors were included in the best of all models for that response. 
SOC depth Predictor Akaike weight Correlation In best model? 
0-10 cm Fungal biomass 0.76 +*** Yes 
Gram-positive : gram-negative bacterial biomass 0.53 - *** Yes 
Shannon’s catabolic diversity 0.43 + No 
Gram-negative bacterial biomass 0.35 +*** No 
Land use 0.33 Factor*** No 
20-30 cm Land use 1.00 Factor*** Yes 
Shannon’s catabolic diversity 0.43 - No 
Gram-positive : gram-negative bacterial biomass 0.41 - *** No 
Fungal biomass 0.37 +*** No 
Fungal : bacterial biomass 0.11 - No 
40-50 cm Land use 0.98 Factor *** Yes 
Shannon’s catabolic diversity 0.45 - No 
Fungal biomass 0.41 +*** No 
Gram-positive : gram-negative bacterial biomass 0.36 - ** No 
Fungal : bacterial biomass 0.10 +* No 
Mean 0-50 cm Land use 1.00 Factor *** Yes 
Fungal biomass 0.37 +*** No 
Shannon’s catabolic diversity 0.36 - No 
Gram-positive : gram-negative bacterial biomass 0.26 - *** No 
Fungal : bacterial biomass 0.09 + No 
 * P < 0.05; ** P < 0.01; *** P < 0.001    
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Figure 3. Path diagram of a structural equation model characterising direct and indirect effects of differential land use – monoculture 
and mixed plantations and their respective baseline grassland states, as well as selectively logged rainforest – on soil organic carbon 
(SOC) concentration in the top 50 cm. ‘Microbial composition’ is a latent variable defined by soil fungal biomass and the biomass ratio 
of gram-positive to gram-negative bacteria (both assessed using PLFA analysis), the two strongest microbial correlates of SOC in this 
dataset. The inclusion of such a latent variable is to better represent the hypothesised underlying connections: land use has an effect on 
traits of microbial composition that correlate with SOC, and fungal biomass and bacterial gram ratio are indicators of these traits. 
‘Standing litter’ was measured as standing stock of leaf litter. Thickness of connecting lines is proportionate to the standardised effect 
size of correlation between nodes, depicted also by the printed numbers within each arrow. For example, the model indicates a direct 
land use effect size on SOC of 0.2, compared with a (maximal) potential effect via microbial recomposition of 0.43. Because land use 
is a categorical factor, the sign (+/-) of the effect size on other variables is without meaning, whereas the negative sign for the 
contribution of gram ratio to microbial composition tells us inter alia that there is a negative correlation between SOC and gram ratio 
(-0.41 × 2.74 < 0). A two-way arrow between SOC and microbial composition represents potential for each to influence the other, as 
well as potential existence of unmeasured third factors driving both in parallel. 
 
Belowground and aboveground biotic recovery 
Permutation tests on partial redundancy analysis (conditioned on soil geology and site) with Chord-
transformed data indicated that land use was a significant predictor of soil microbial function and 
composition (P = 0.001 for both), a result corroborated by PERMANOVA using the same distance 
metric. Both plantation types brought about minor shifts in soil microbial function and composition 
towards those of regenerating selectively logged forest (Figure 4), which was largely functionally and 
compositionally distinct from the other land uses. Specifically, soil microbial composition displayed 
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limited convergence in both plantation types, but marginally higher convergence on the reference 
communities seemed to have occurred under rainforestation plantations (Figure 4a). In contrast, soil 
microbial function under mahogany plantations appeared more convergent on regenerating 
selectively logged forests than that under rainforestation plantations (Figure 4b). A Procrustes 
superimposition permutation test indicated that soil microbial function and composition were 
significantly correlated (P < 0.001), which was corroborated by Chord-transformed redundancy 
analysis, where 48% of the variance in microbial function was explained by microbial composition.  
 
 
Figure 4. Two-dimensional non-metric multidimensional scaling (NMDS) output depicting land use differences in (a) soil microbial 
composition assessed by PLFA analysis and (b) soil microbial function assessed through substrate use, enzyme activity and respiration. The 
land uses represented are located on Leyte Island in the Philippines; ‘MP’ and ‘MR’ correspond to mahogany (Swietenia macrophylla) 
monoculture plantations and adjacent grassland-coconut reference land uses (the baseline prior to plantation establishment) respectively, ‘RP’ 
and ‘RR’ correspond to rainforestation plantations and adjacent grassland reference sites, and ‘SF’ corresponds to regenerating selectively 
logged forest. ‘G+/G-’ and ‘Fungi’ represent directions of increase of gram-positive to gram-negative bacterial biomass ratio and fungal 
biomass, while ‘Sugars’, ‘Phenols’, and ‘Nutrients’ represents directions of increase in responses to compounds of these types; nutrients are 
amino acids and an amino sugar (glucosamine). Chord distance was used for both ordinations, and ellipses represent 95% confidence intervals. 
A Procrustes superimposition permutation test indicated that microbial composition and function were strongly correlated (P < 0.001). 
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Taxonomic composition of understory vegetation was not recovered in either type of plantation 
(Figure 5a), and plant functional composition seemed faster to recover in rainforestation plantations 
(Figure 5b). All four pairings of soil microbial composition and function versus understory plant 
taxonomic composition and functional compositions were significantly correlated (P ≤ 0.001 for all, 
Table 3).  
 
Table 3. Pairwise correlations between aboveground (understory) and belowground functional and taxonomic composition across 
three land uses on Leyte Island in the Philippines. Values are output from Procrustes superimposition permutation tests, where r is 
a correlation coefficient.  
 Plant functional composition Plant taxonomic composition 
Soil microbial composition P = 0.001, r = 0.52 P < 0.001, r = 0.53 
Soil microbial function P = 0.001, r = 0.47 P < 0.001, r = 0.44 
 
 
 
Figure 5. Two-dimensional non-metric multidimensional scaling using Hellinger distance of forest type differences in understory plant (a) 
taxonomic composition and (b) functional composition. Mahogany plantations were established as monocultures of Swietenia macrophylla, 
rainforestation plantations were established as high-diversity mixed-species plantings, and selectively-logged rainforests are regenerating 
native forest with no history of clear-felling. Ellipses represent 95% confidence intervals.  
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Discussion 
The scale of deforestation and subsequent establishment of tree plantations is especially vast in the 
tropics (Keenan et al., 2015), and expanding human populations and poverty make restoration of 
tropical forest ecosystems particularly pressing (Kettle, 2012). There is need to understand SOC 
trajectories of tropical plantations, which requires considerably more empirical data than is currently 
available. We examined the responses of soil microbes and SOC to contrasting types of tropical 
plantation, mahogany monoculture and high diversity rainforestation, juxtaposed against reference 
grassland-coconut baseline sites, which represent land use prior to plantation establishment, and 
regenerating selectively logged rainforest reference sites, which represent the comparatively 
undisturbed soil conditions prior to forest clearing. Soil organic C seemed more quickly recovered 
with mahogany plantation, although there was an indication (not statistically significant) that these 
plantations were established on more fertile sites with higher baseline SOC. This caveat hinders 
conclusive insight about the relative speed of SOC restoration with either form of planting. Overall, 
SOC concentrations were not recovered to reference levels with either type of plantation in the 
timeframe examined (less than 30% in 15 to 20 years). The results thus do not support our hypothesis 
that higher diversity plantations perform better than monocultures with respect to SOC restoration. 
Also contrary to our hypothesis, mahogany plantations appeared to have more effectively recovered 
soil microbial function than the mixed-species rainforestation plantations. Conversely, and in line 
with our hypothesis, soil microbial composition was further on the path to recovery under 
rainforestation than mahogany plantings. Taken together, the results indicate that full soil microbial 
recovery does not occur under the studied plantation types within the timeframes commonly focused 
in tropical forestry, where plantation rotation lengths often range from 10 to 20 years. 
The best model for SOC varied with soil depth, with characteristics of microbial composition 
the best predictors for topsoil organic C, and land use the best predictor for subsoil organic C. SOC 
differences between selectively logged rainforest and the other land uses studied were particularly 
pronounced in the subsoil, and indeed this accounts for the strong correlation between land use overall 
and SOC below 20 cm; land use was no longer the best predictor of SOC at any depth with selectively 
logged rainforest removed from analysis. With no recent history of clear-felling and agricultural use, 
these reference rainforest sites are demonstrating a pattern of slower SOC decline with depth 
compared with more disturbed sites, seen previously (Li and Mathews, 2010; Skjemstad et al., 1999). 
The ratio of gram-positive : gram-negative bacterial biomass was correlated negatively with 
SOC at all depths. This result is at odds with observations that gram-positive bacterial residues have 
substantially higher stability than gram-negative residues (Schmidt et al., 2011). The limited 
taxonomic resolution of PLFA analysis is drawn into focus here, as we cannot determine which gram-
positive and gram-negative bacterial taxa are dominating in these soils, and so cannot offer 
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meaningful interpretation of this result. Contrarily, metagenomic analyses provide taxonomic 
resolution but not reliable biomass estimation, making relative importance estimates of microbial 
groups more difficult. Ideal would be combining PLFA and genomic methods, where resources 
permit, to advance understanding of soil microbial C cycling. 
Soil fungal biomass was a strong correlate of SOC concentrations and mirrored SOC across 
land uses. It is important to point out that causality cannot be established with this correlative data, 
and indeed SOC concentration could effectuate changes in microbes rather than vice versa, or a third, 
unmeasured factor may be driving their covariance. Experimentally establishing a causal link between 
microbial composition (or other intermediary soil biological, chemical or physical properties) and 
SOC concentration in a field setting requires observation of temporal lag, where a change in land use 
is seen to result in a change in fungal biomass after some time, and in turn a change in fungal biomass 
is seen to result in a change in SOC. As such, studies are needed in which soil sampling begins at the 
time of plantation establishment and continues regularly until significant SOC change has occurred. 
In our experience presented here, this may require studies spanning decades. 
The selectively logged rainforests in this study, dominated by trees in the Dipterocarpaceae 
family, are likely to have significant ectomycorrhizal (ECM) presence (Brearley, 2012), which may 
in part account for the greater fungal biomass in these forests. Many ECM fungi form belowground 
fruiting bodies that rely on animals, often small mammals, for spore dispersal (Claridge and May, 
1994; Maser et al., 1978; Schickmann et al., 2012). Even if populations of these animals remain, their 
movement is restricted in landscapes where forests are separated by agricultural and urban land uses 
(Eycott et al., 2012; Goosem, 2002). Many ECM fungi with aboveground fruiting bodies are wind 
dispersed, but in closed forests with limited air flow spores may not move far from their point of 
origin (Galante et al., 2011). Spore movement over longer distances is more stochastic and may be 
unreliable for adequate inoculation levels (Peay et al., 2012). Dominated by monocots such as grasses 
and coconut palms, which are endo-(arbuscular)-mycorrhizal (Brundrett, 2009; Rajeshkumar et al., 
2015), the baseline land use prior to plantation establishment in our study would have little capacity 
to support ECM fungi. As such, we speculate that dispersal of ECM fungi into plantation sites is 
necessary but restricted and limits the capacity for complete soil microbial restoration if tree planting 
is not accompanied by ECM inoculation of plantation seedlings (Aggangan et al., 2012). As the 
rainforestation plantations were established with some Dipterocarp trees, such that 11 out of 77 
canopy species were Dipterocarps in 2006 (Nguyen et al., 2012), and had since recruited more in the 
understory (Wills et al., 2016), a lack of ECM inocula may be a major constraint to their capacity to 
restore soil microbial function and composition. 
Notwithstanding the purely correlative nature of the observed SOC and fungal biomass 
covariance, the mechanistic basis for soil fungi benefiting SOC formation is sound, and informed one 
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of our research hypotheses. Indeed, fungi have good growth efficiency (the conversion of substrate 
into biomass), produce stable residues and promote aggregation (Bossuyt et al., 2001; Caesar-tonthat, 
2002; Knicker, 2011; Paim and Linhares, 1990; Rillig et al., 2007; Six et al., 2006; Strickland and 
Rousk, 2010). Furthermore, fungi may benefit bacterial efficiency by providing structure for bacterial 
biofilms and chemical power to kick-start decomposition pathways of recalcitrant substrates (De Boer 
et al., 2005), liable to support whole-community efficiency of soil microbes, and providing more 
material for SOC formation (Cotrufo et al., 2013). The potential facilitation of bacterial efficiency by 
fungi may help explain our SOC correlation with fungal biomass rather than fungal : bacterial biomass 
ratio as originally hypothesised. Even at 40-50 cm depth, SOC correlated positively with fungal 
biomass measured in the topsoil. Perhaps active fungal mycelia were extending to this depth, which 
is feasible for many cord-forming basidiomycetes (Stenlid, 2008). Alternatively, enhanced drainage 
with greater subsoil organic C could have led to conditions in topsoil that are favourable to fungi.  
Soil microbial composition explained more variation in SOC than land use, and once the direct 
pathway of influence of land use on SOC had been accounted for with a structural equations model, 
indirect pathways involving changes in microbial composition appeared potentially more influential. 
We caution against inferring causality from these results, as they are derived from examining 
covariance structure of a dataset produced by an experimental design not suited for testing causal 
relationships between soil microbes and SOC. Our findings do, however, robustly indicate that our 
land use effects on SOC occur overwhelmingly through processes that simultaneously change soil 
microbial composition. That is, soil microbial composition and SOC are so tightly linked in this 
dataset that one may be used as an indicator of the other. Coupled with previous work providing 
empirical (Manuscript I in this thesis) and mechanistic support (Cotrufo et al., 2013; Kallenbach et 
al., 2016; Manzoni et al., 2012; Miltner et al., 2012) for microbial composition affecting SOC 
formation, and SOC concentration affecting microbial composition (Fierer et al., 2009), there are 
grounds to speculate that restoration of the soil microbial community may be a prerequisite for full 
recovery of SOC.  
The relationship between above- and belowground biodiversity is well examined (Hooper et 
al., 2000; Prober et al., 2015), mostly in temperate ecosystems, but our correlations between above- 
and belowground function and composition are relatively novel for a tropical field setting. The extent 
to which plant traits drive soil microbial recovery versus soil microbes drive plant recovery is unclear. 
Both are likely to influence the other, and feedback loops are liable to make forest restoration more 
challenging, where restoration of soil depends partially on restoration of plants, but this in turn 
depends partially on restoration of soil. At least one field study, performed on former arable land in 
the Netherlands, has seen significant shifts in plant community assembly in response to soil 
inoculations (Wubs et al., 2016). A management solution could be active restoration above- and 
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belowground simultaneously, involving tree planting coupled with soil inoculation. The potential of 
soil inoculations or transplants to reshape or recover soil microbial communities in a field setting is 
unknown (Sun et al., 2014), and outcomes across studies so far (which have focused on boreal, 
temperate, and Mediterranean soils) are not consistent (Calderón et al., 2016; Requena et al., 2001; 
Wubs et al., 2016; Yergeau et al., 2015). Further research of interventions targeted at microbial 
recovery may establish if soil microbes should be an integral part of effective restoration of forest 
ecosystems and their services. 
 
Limitations 
There was considerable site level structural and floristic variation across putative replicates of land 
uses. This is to be expected in complex human modified environments and in developing tropical 
countries in particular. An important corollary, however, is that signals in measured variables 
observable through such background noise are likely to be particularly useful for advancing 
restoration practice in tropical environments. In this study it appeared that soil fungal biomass 
provided a strong emergent signal correlating with SOC, which deserves further field testing. If a 
causal link is established and the relationship better understood, assessment of fungal biomass early 
after plantation establishment may facilitate forecasting SOC restoration outcomes. 
As we examined only one type of mixed-species plantation and one type of monoculture 
plantation, species effects cannot be disentangled from diversity effects. In the study region, Nguyen 
et al. (2012) found that monoculture plantations with exotic species, including some of the mahogany 
plantations sampled here, had significantly higher aboveground productivity than rainforestation 
plantings. Higher productivity of vegetation generates more C substrate that is available for the 
formation of SOC. However, if input rates of plant residues alone drives SOC accumulation by virtue 
of outpacing microbial decomposition, then the accumulated SOC ought to resemble undecomposed 
plant residues. This is generally not the case (Kallenbach et al., 2016; Knicker, 2011; Paim and 
Linhares, 1990), nor was it so in our study: the C/N ratio of SOC under all land uses was less than 
16:1, far lower than plant residues (from ~40:1 to more than 100:1). Alternatively, higher litter inputs 
could lead to higher microbial biomass which in turn leads to higher SOC accumulation from 
microbial residues, but in this study microbial biomass did not differ significantly between land uses 
at the time of sampling. Soil organic C also did not correlate significantly with standing litter stock 
after accounting for land use. It appears that microbial decomposition of plant residues in mahogany 
plantations largely matched input rates and microbial biomass was not measurably stimulated. We 
thus speculate that the seemingly higher C recovery with mahogany monocultures was not purely a 
productivity effect. 
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Conclusion 
We conclude that restoration of tropical forest cover through plantations does not guarantee rapid 
restoration of the soil microbial community and SOC. A stronger focus on plant community 
restoration or additional interventions aimed at recovering the soil microbial community may be 
needed if more rapid soil restoration is a primary goal. Our study draws attention to the additional 
challenge to forest ecosystem restoration of soil microbial recovery and the long timeframes required, 
and further discourages clearing of old-growth forest due to this potential impediment to whole-
ecosystem restoration. 
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Supplementary material 
 
 
Figure S1. Biomass ratio of gram-positive to gram-negative soil bacteria and soil fungal biomass, quantified using phospholipid fatty 
acid analysis, under two types of plantation and their adjacent reference grassland-coconut land use (representing baseline land use prior 
to plantation establishment), as well as regenerating selectively logged forest with no history of clear-felling, on Leyte Island, 
Philippines. Mahogany plantations were established as monocultures of Swietenia macrophylla, “rainforestation plantations” were 
established as high-diversity mixtures. Selectively-logged rainforests are regenerating native forest with no history of clear-felling. Error 
bars represent standard errors from a mixed-effects model where ‘soil geology’ (basalt or limestone) and ‘site’ are random grouping 
variables, and letters are from Tukey pairwise comparisons (distinct letters indicate distinct means). 
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Figure S2. Variance partitioning Venn diagram depicting variation in mean soil organic carbon (SOC) concentration up 
to 50 cm depth explained by soil microbial composition (assessed by PLFA analysis), soil microbial function (assessed 
by substrate use, respiration and enzyme activity) and land use (see Figure 1 for details on land uses). The sum of numbers 
in a circle represents the proportion of variation in SOC explained by that predictor; for example, 10+7.1 in the left circle 
indicates that approximately 17% of the variation in SOC can be explained by soil microbial composition. Numbers in 
overlapping areas represent variation explained by both predictors equally; 10% in the overlap between the bottom and 
left circles indicates that 10% of the variation in SOC is structured by both microbial composition and land use. Numbers 
outside of overlapping areas depict variation explained uniquely by a predictor; 7.1% in the left circle indicates that 7.1% 
of the variation in SOC is explained by microbial composition independently of microbial function and land use. 
‘Residuals’ represents variation not explained by any of the predictors. Note, the explained variance does not sum to 
100% as an artefact of the variance partitioning algorithm inherent to this analysis. 
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Table S1. Locations on Leyte Island of the land uses examined in this study. A “barangay” is the smallest unit of municipal organisation 
in the Philippines, consisting of a small central village/community and the immediately surrounding landscape (in the order of 1 km 
in each direction). 
Land use Barangay 
Mahogany Dolores, Milanao, Pomponan, Mahayag, Manhilo (adjacent grassland in Tam-Is) 
Rainforestation Milagro, Catmon, Mailhi, Patag, Cienda 
Selectively logged rainforest Pangasugan, Hubasan, Balinsasayao, Cienda (two sites in this Barangay) 
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Table S2. Substrate use profiles of soils from the land uses in this study. The means were adjusted by subtracting water-
induced respiration and expressing values as fractions of summed respiration across all substrates.  
Land use Substrate Mean adjusted value  Standard error 
Mahogany plantation Arginine 0.058957668 0.011260186 
Mahogany plantation Citric.acid 0.081677832 0.010283015 
Mahogany plantation Fructose 0.100858505 0.009849806 
Mahogany plantation Glucosamine 0.009905267 0.00340677 
Mahogany plantation Glucose 0.122076571 0.017642876 
Mahogany plantation Glutamine 0.190756151 0.031540834 
Mahogany plantation Glycine 0.047327139 0.006416649 
Mahogany plantation Lysine 0.014781882 0.00354349 
Mahogany plantation Malic.acid 0.129313424 0.015574654 
Mahogany plantation Phenylalanine 0.036854523 0.005622092 
Mahogany plantation Phytic.acid 0.003352155 0.002180521 
Mahogany plantation Sucrose 0.108111351 0.012699523 
Mahogany plantation Syringic.acid 0.023982498 0.004686356 
Mahogany plantation Tryptophan 0.034059204 0.006355409 
Mahogany plantation Vanillic.acid 0.03798583 0.006792842 
Mahogany-matched grassland Arginine 0.068264364 0.008780321 
Mahogany-matched grassland Citric.acid 0.078721594 0.011191415 
Mahogany-matched grassland Fructose 0.090688251 0.009278598 
Mahogany-matched grassland Glucosamine 0.001250636 0.000542626 
Mahogany-matched grassland Glucose 0.058572628 0.016114202 
Mahogany-matched grassland Glutamine 0.247036097 0.029343831 
Mahogany-matched grassland Glycine 0.065015353 0.009214269 
Mahogany-matched grassland Lysine 0.025963726 0.00283436 
Mahogany-matched grassland Malic.acid 0.125747518 0.023055656 
Mahogany-matched grassland Phenylalanine 0.057735242 0.004831884 
Mahogany-matched grassland Phytic.acid 0.005686833 0.00187638 
Mahogany-matched grassland Sucrose 0.070981103 0.006928567 
Mahogany-matched grassland Syringic.acid 0.031311537 0.007926819 
Mahogany-matched grassland Tryptophan 0.045611652 0.003248927 
Mahogany-matched grassland Vanillic.acid 0.027413467 0.00428536 
Rainforestation plantation Arginine 0.081170169 0.00935317 
Rainforestation plantation Citric.acid 0.087514456 0.010932269 
Rainforestation plantation Fructose 0.116864429 0.016180572 
Rainforestation plantation Glucosamine 0.007010661 0.002026439 
Rainforestation plantation Glucose 0.098693261 0.023214115 
Rainforestation plantation Glutamine 0.141057566 0.015015147 
Rainforestation plantation Glycine 0.04796039 0.008191976 
Rainforestation plantation Lysine 0.030759167 0.006674962 
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Rainforestation plantation Malic.acid 0.10098074 0.013072843 
Rainforestation plantation Phenylalanine 0.068823656 0.010395346 
Rainforestation plantation Phytic.acid 0.005628642 0.001987422 
Rainforestation plantation Sucrose 0.101349515 0.01145709 
Rainforestation plantation Syringic.acid 0.017658194 0.0064137 
Rainforestation plantation Tryptophan 0.06714017 0.012134116 
Rainforestation plantation Vanillic.acid 0.027388983 0.00582279 
Rainforestation-matched grassland Arginine 0.080021794 0.009661 
Rainforestation-matched grassland Citric.acid 0.073024651 0.007738743 
Rainforestation-matched grassland Fructose 0.120257952 0.009488774 
Rainforestation-matched grassland Glucosamine 0.007000115 0.002163948 
Rainforestation-matched grassland Glucose 0.096301356 0.017066057 
Rainforestation-matched grassland Glutamine 0.133485134 0.010765245 
Rainforestation-matched grassland Glycine 0.04433635 0.004949801 
Rainforestation-matched grassland Lysine 0.034930918 0.007215123 
Rainforestation-matched grassland Malic.acid 0.107905989 0.010559398 
Rainforestation-matched grassland Phenylalanine 0.065722124 0.008953925 
Rainforestation-matched grassland Phytic.acid 0.00625909 0.001930079 
Rainforestation-matched grassland Sucrose 0.127839948 0.011886923 
Rainforestation-matched grassland Syringic.acid 0.016840526 0.005205891 
Rainforestation-matched grassland Tryptophan 0.060271825 0.010151911 
Rainforestation-matched grassland Vanillic.acid 0.025802227 0.00397806 
Selectively logged rainforest Arginine 0.112520882 0.014780602 
Selectively logged rainforest Citric.acid 0.066908815 0.006378591 
Selectively logged rainforest Fructose 0.083727813 0.009712844 
Selectively logged rainforest Glucosamine 0.005665809 0.002012354 
Selectively logged rainforest Glucose 0.074017884 0.01578515 
Selectively logged rainforest Glutamine 0.196037351 0.017551301 
Selectively logged rainforest Glycine 0.07074978 0.005843484 
Selectively logged rainforest Lysine 0.035689872 0.003913998 
Selectively logged rainforest Malic.acid 0.125918209 0.014615078 
Selectively logged rainforest Phenylalanine 0.065998187 0.004571239 
Selectively logged rainforest Phytic.acid 0.002989064 0.000809197 
Selectively logged rainforest Sucrose 0.080373426 0.008173608 
Selectively logged rainforest Syringic.acid 0.01182517 0.004039376 
Selectively logged rainforest Tryptophan 0.048996739 0.006048487 
Selectively logged rainforest Vanillic.acid 0.018580998 0.003530566 
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Table S3. Phospholipid fatty acid profiles of soils from the land uses in this study. 
Land use Fatty acid Mean (nmol PLFA / g soil) Standard error 
Mahogany plantation X15.0.anteiso 1.762704483 0.189011025 
Mahogany plantation X15.0.iso 4.436164573 0.381126895 
Mahogany plantation X15.00 0.401667566 0.043145737 
Mahogany plantation X16.0.iso 2.720601508 0.344990828 
Mahogany plantation X16.1.w5c 0.980935765 0.061695427 
Mahogany plantation X17.0.anteiso 1.322685301 0.131068139 
Mahogany plantation X17.0.cyclo 0.754292727 0.046569447 
Mahogany plantation X17.0.iso 1.90842351 0.204824037 
Mahogany plantation X17.00 0.40892467 0.037008589 
Mahogany plantation X18.1.w7c.11.methyl 0.400462849 0.038503815 
Mahogany plantation X18.1.w9c 2.161132944 0.180484023 
Mahogany plantation X19.0.cyclo.w8c 4.231839609 0.616505028 
Mahogany plantation X16.1.w7c/16.1.w6c 1.031356229 0.082806233 
Mahogany plantation X18.2.w6 0.434386811 0.051571111 
Mahogany-matched grassland X15.0.anteiso 1.412991292 0.165164415 
Mahogany-matched grassland X15.0.iso 3.73015356 0.337824589 
Mahogany-matched grassland X15.00 0.34554538 0.032862322 
Mahogany-matched grassland X16.0.iso 2.202188704 0.227382391 
Mahogany-matched grassland X16.1.w5c 0.855654097 0.078186038 
Mahogany-matched grassland X17.0.anteiso 1.187811131 0.147316585 
Mahogany-matched grassland X17.0.cyclo 0.688783815 0.067701804 
Mahogany-matched grassland X17.0.iso 1.646924715 0.171272546 
Mahogany-matched grassland X17.00 0.388823034 0.044107879 
Mahogany-matched grassland X18.1.w7c.11.methyl 0.244068387 0.023264742 
Mahogany-matched grassland X18.1.w9c 1.856916615 0.232738998 
Mahogany-matched grassland X19.0.cyclo.w8c 3.106276817 0.56269828 
Mahogany-matched grassland X16.1.w7c/16.1.w6c 0.854788662 0.09789037 
Mahogany-matched grassland X18.2.w6 0.336874189 0.039938727 
Rainforestation plantation X15.0.anteiso 1.782412376 0.257941885 
Rainforestation plantation X15.0.iso 4.222554486 0.595838476 
Rainforestation plantation X15.00 0.319205809 0.041619108 
Rainforestation plantation X16.0.iso 2.421784417 0.317573013 
Rainforestation plantation X16.1.w5c 0.919752563 0.114411306 
Rainforestation plantation X17.0.anteiso 1.160222052 0.19735776 
Rainforestation plantation X17.0.cyclo 0.600074734 0.048816491 
Rainforestation plantation X17.0.iso 1.850028289 0.236425996 
Rainforestation plantation X17.00 0.288033007 0.029497782 
Rainforestation plantation X18.1.w7c.11.methyl 0.456297338 0.059324638 
Rainforestation plantation X18.1.w9c 1.72907208 0.210180473 
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Rainforestation plantation X19.0.cyclo.w8c 4.763175561 0.71702342 
Rainforestation plantation X16.1.w7c/16.1.w6c 0.667250223 0.065941868 
Rainforestation plantation X18.2.w6 0.326608693 0.050865041 
Rainforestation-matched grassland X15.0.anteiso 1.536355884 0.154379144 
Rainforestation-matched grassland X15.0.iso 3.832051626 0.256173363 
Rainforestation-matched grassland X15.00 0.344071495 0.024642401 
Rainforestation-matched grassland X16.0.iso 2.500028775 0.190811289 
Rainforestation-matched grassland X16.1.w5c 0.953011632 0.095776402 
Rainforestation-matched grassland X17.0.anteiso 1.185896003 0.117932149 
Rainforestation-matched grassland X17.0.cyclo 0.54704335 0.035817646 
Rainforestation-matched grassland X17.0.iso 2.047673861 0.135906495 
Rainforestation-matched grassland X17.00 0.346969125 0.02577888 
Rainforestation-matched grassland X18.1.w7c.11.methyl 0.385667918 0.041303601 
Rainforestation-matched grassland X18.1.w9c 1.953764564 0.191412783 
Rainforestation-matched grassland X19.0.cyclo.w8c 3.843588954 0.401104366 
Rainforestation-matched grassland X16.1.w7c/16.1.w6c 0.678719378 0.04775245 
Rainforestation-matched grassland X18.2.w6 0.31857999 0.034521485 
Selectively logged rainforest X15.0.anteiso 2.299844276 0.243034787 
Selectively logged rainforest X15.0.iso 4.812117743 0.526492836 
Selectively logged rainforest X15.00 0.358386889 0.04181957 
Selectively logged rainforest X16.0.iso 2.204233915 0.170730993 
Selectively logged rainforest X16.1.w5c 1.338507879 0.158421484 
Selectively logged rainforest X17.0.anteiso 1.254148179 0.108045703 
Selectively logged rainforest X17.0.cyclo 0.88693574 0.097903452 
Selectively logged rainforest X17.0.iso 1.826797908 0.140041795 
Selectively logged rainforest X17.00 0.374275563 0.036560102 
Selectively logged rainforest X18.1.w7c.11.methyl 0.700084049 0.083224988 
Selectively logged rainforest X18.1.w9c 2.280594232 0.273791103 
Selectively logged rainforest X19.0.cyclo.w8c 5.124421181 0.406321367 
Selectively logged rainforest X16.1.w7c/16.1.w6c 1.294664531 0.198950314 
Selectively logged rainforest X18.2.w6 0.511159021 0.092523575 
 
   
